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Abstract 
 
An increasing worldwide outbreak of infectious diseases require the urgent development of 
effective point-of-care diagnostic technologies. Hybridization between single strand DNA and 
its complementary molecule is the main detection method for the deoxyribonucleic acid 
sequence reorganization. Taking advantage of rotary-linear motion based PCR technology, and 
combining DNA hybridization detection, this work aims to make use of gold nanoparticles to 
enhance the signal of binding event and provide an insight into the interactions of the interface 
between the electrode and solution. 
Polymerase chain reaction (PCR) has become one of the most popular and widely used 
diagnostics tools in molecular medicine due to its specificity and sensitivity. However, 
conventional thermo-cyclers achieve temperature ramping rate at about 1-2 degrees centigrade 
per second in the temperature range relevant for PCR. The high thermal capacity of the wells 
that accommodate PCR tubes is the reason of the lower ramping. Hence, the average reaction 
durations of PCR is above 1 hour for DNA less than 1000 base pair. Based on a novel rotary-
linear motion device which is named PCRDisc in our Lab, the amplification time has been 
decreased shapely to less than half an hour. And a new microchip is developed to accommodate 
the PCRDisc for a stable and high PCR efficiency. To perform more samples, two different 
DNA were amplified in our PCR device simultaneously, and the potential clinical application 
on multiplex DNA amplifications was demonstrated by gel electrophoresis.  
Less time-consuming is another indispensable element for a PCR thermo-cycler, especially for 
the diagnosis of future infectious diseases. The optimum duration for each of the cycling 
duration is imperative and determines the whole processing time. So it is necessary to obtain 
the sample temperature for a better understanding of the thermal behaviour.  However, due to 
the small volume of samples and geometry of the microchips, it has always been an issue to 
measure the sample temperature directly. Finite element analysis (FEA) was integrated with 
experimental results to investigate the thermal behaviour of the samples in the plastic microchip. 
The inherent advantage and deficiency of the microchip design was demonstrated theoretically.  
Introduction of the biochip concept opens the door to tremendous analytical opportunities 
ranging from diagnosis of infectious disease to the assessment of medical treatment. To 
continue these advances and address the growing market needs in the era of biochip, a rapid 
and secured PCR device integrated with DNA diagnostic test is required to link high 
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performance, with speed, simplicity and low cost. And our novel microfluidic chip is expected 
to be the platform for DNA detection. 
How to build a bridge between microfluidic chip and specific DNA recognition is determined 
by the detection method. Electrochemical detection is our option for a potential label free 
characterization on PCR microchip because of its simplicity, portability, high sensitivity and 
compatibility. The transducer surface was gold film coated onto plastic microchip for a 
potential integration between DNA amplification and detection. Here covalent attachment was 
used based on gold / thiol bond formation for a robust and reusable DNA probe films. And the 
conditions were optimized for the immobilization and hybridization in solution phase with the 
help of SEM, XPS, QCM and electrochemical characterization (chronocoulometry and cyclic 
voltammetry). 
For the occurrence of better hybridization event, a variety of parameters need to be optimized, 
as the duplex information can be detected by an appropriate indicator or through other changes 
accrued from the binding event. Probe density and hybridization efficiency are used to evaluate 
the SAMs on transducer surface. Probe density is controlled by varying immobilization and 
hybridization conditions, including solution ionic strength, temperature and the amount of time 
that the transducer surface is exposed to the capture probe. And it is found that the probe density 
determines the hybridization efficiency as well. 
With most detection techniques, the main limitation factor in developing DNA sensors is the 
sensitivity. To detect the viral infection at the attomolar (10-18 M) level, increase of the sample 
volume and density and amplification of the signals are normally conducted at the same time. 
PCR has been applied to increase the amount of DNA for a potential integration with signal 
amplification.  
AuNPs was introduced because of them featuring a specific binding with the target analytes 
and transducer for signalling itself. The binding properties of DNA-AuNPs were applied to 
bind complementary nucleic acids on transducer surface with a high affinity, resulting in 
AuNPs labelled on PCR chip for a potential signal amplification. The distribution of AuNPs 
on gold film was characterized with SEM for a further optimization of the capture probe density 
and hybridization efficiency. Meantime, one issue of this two components SAMs on gold film 
is time consuming. The target DNA has to be attached on AuNPs for a signal amplification. To 
fulfil the clinical value of the DNA sensor, 3 components SAMs were introduced for a potential 
direct detection with the help of chronocoulometry (CC) and cyclic voltammetry (CV) to 
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quantify the surface density of DNA immobilized on gold. The stability and the reproducibility 
of the probes functionalized on the gold surface were also demonstrated. 
In summary, AuNPs were introduced as a probe carrier, signal indicator as well as enhancement 
for electrical signal detection on PCR platform. The hybridization between single-strand DNA 
and its complementary ones supplies with a high specific binding event occurrence. The 
designated DNA sequence recognitions havedemonstrated great potential of the gold 
nanoparticle based DNA detection in microfluidics. 
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Chapter 1 Introduction 
 
1.1 Research aims and objectives 
 
Polymerase Chain reaction (PCR) is an important method that can exponentially amplify 
specific nucleic acid sequences in a short time. Meanwhile, nucleic acid sequence is unique 
and one of the most practical methods for the identification and diagnosis of a wide range of 
diseases. There are plenty of hybridization recognition techniques that have been developed 
for DNA detection. Generally, optic based methods provide an intuitive result because of the 
colour change, while electrochemical approach could provide an insight into the electric double 
layer. More importantly, based on microfluidic techniques, electrochemical detection is a 
promising approach due to its simplicity and practicality.  
 
Although there are different DNA detection methods, the basic working principle is all about 
self-assembled monolayers (SAMs). Thiol functionalized primers are taken as DNA probes 
which hybridize with complementary target DNA. Surface functionalization realised by SAMs 
is usually applied to act as a bridge between the microfluidics and DNA detection.  
 
Based on the current understanding of biosensor techniques, our concept is to use gold 
nanoparticles as a label and signal enhancement for a direct detection of DNA hybridization in 
microfluidics.DNA probes and nanoparticles will be connected with the elctrochemical 
detection for a potential clinical application. This is a multidisciplinary research subject, 
involving molecular biology, surface chemistry, and electrochemistry. The objectives of this 
project are described as follows: 
 
• To compare different gold plating methods and find appropriate ones for the 
modificationof polycarbonate surface; 
• To confirm the sensitivity of the PCR technology developed in our Lab;  
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• With the help of gold nanoparticles, to provide an insight into the electrical double 
layer of DNA; 
• To extend the application of AuNPs in DNA label-free detection, broaden SAMs 
principle to LBL by using gold nanoparticles for a commercial application with the 
potential to produce a portable, less time-consuming and inexpensive “molecular 
diagnostic PCR”. 
 
1.2  Outline of the thesis 
 
This thesis consists of 7 Chapters as follows: 
 
Chapter 2 provides a comprehensive review of the challenges existing in DNA detection, the 
background information and recent studies in the areas of gold nanoparticles based DNA 
detection systems, methodologies used for characterization. Throughout this chapter, gaps      
are identified. In addition, feasible methods proposed to fill these gaps are introduced and 
discussed. 
 
Chapter 3 illustrates an integration of a novel microfluidic to PCRDisc for a rapid and secured 
PCR device. The result proved that the microfluidic chip is able to successfully amplify 120 
and 287 bp DNA templates. For the 120 bp DNA template, the total amplification time for 30 
cycles was only 24 minutes. And multiplexed samples were amplified as well. 
 
Chapter 4 explores the potential integration between DNA amplification and detection. The 
transducer surface was gold film coated onto plastic microchip and covalent attachment based 
on gold/thiol bond formation is studied for a robust and reusable DNA probe film. Then the 
conditions are optimized for the immobilization and hybridization in solution phase.SEM, XPS, 
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QCM and electrochemical measurement were used to characterize the surface and surface 
modification. 
 
Chapter 5 aims to apply the binding properties of DNA-AuNPs to bind complementary nucleic 
acids on transducer surface with a high affinity (Bao et al. 2005), resulting in DNAs being 
labelled on AuNPs which can be attached on PCR chip for a potential signal amplification. The 
distribution of AuNPs on gold film is characterized with SEM for a further optimization of the 
capture probe density and hybridization efficiency. And SAMs with 3 components were 
introduced for a direct detection of target DNA. 
 
Chapter 6 studies the immobilization process of DNA probes on gold surface from 
electrochemical perspective, and the conditions for an efficient hybridization and strong signal 
are characterized and optimized. In addition, cyclic voltammetry is used for a potential direct 
demonstration of binding event.  
 
Chapter 7 summarizes the major findings and contributions of this project and identifies some 
limitations in the current study. Meanwhile, future research direction in AuNPs based DNA 
detection are also proposed. 
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Chapter 2. Literature review 
 
2.1 Introduction 
 
An increasing worldwide outbreak of infectious diseases such as bird flu makes the 
development of fast point-of-care diagnostic technologies valuable. Nucleic acid sequence is 
unique and is practical for the identification and diagnosis of diseases, and the methods based 
on molecular diagnosis provide an opportunity to detect diseases at an early stage and provide 
useful information for instant treatment to the patients. However, low sensitivity, long turn-
around time and hands-on time had limited the DNA detection technologies apparently until 
the polymerase chain reaction (PCR) technologies were developed in 1986 (K. Mullis 1986; 
Mirkin 1996), which is a milestone in molecular diagnosis. Based on PCR, there are many 
different assays for DNA detection.  
 
Gel electrophoresis (Tiselius 1937) is a method taking advantage of size and charge to separate 
and analyse macromolecules and their fragments. DNA gel electrophoresis is usually 
performed for analytical purpose, coupled with PCR, but may also be used as a preparative 
technique. The process normally takes more than half an hour and an outer UV-light or 
fluorescence detection setup is required. However, only the size of the fragments is able to be 
tested though gel electrophoresis and the specific sequence is not capable of being informed.  
 
Besides gel electrophoresis method, making use of the hybridization between single strand 
DNA and its complementary molecule is the main detection method for the deoxyribonucleic 
acid sequence reorganization, which is also the basic principle of the PCR technology. 
However, an increasing number of tests require multiple targets to be amplified and detected 
simultaneously, or multiplexed (Kirk 2002). The function that multiple diagnostic tests can be 
performed in parallel with a single sample is vital to point-of-care devices, which is less time-
consuming and can be used for rapid detection. Researchers have applied the polymerase chain 
reaction coupled with molecular fluorophore assays in clinical laboratories (Fang 1999; S. 
Tyagi 1995; Tyagi & Kramer 1996). Molecular fluorophore-labelled method has been used for 
20 years, however it mainly relies on the use of expensive equipment and cannot be applied in 
portable devices. 
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Meanwhile, researchers are also evaluating the prospect of nanomaterial based DNA detection. 
There also are some nano-materials taken as DNA markers. Detection methods such as optical 
detection, magnetic relaxation assay, and electrochemical method all take advantage of 
nanoparticles. While the nanometre sized channel limits the application of optical and magnetic 
properties because of the low signal (Mirkin 2005), the employment of microfluidics and 
nanoparticle has demonstrated the advantages and effectiveness in clinical laboratories, leading 
to the practicality of portable diseases diagnostic system. 
 
Electrochemistry based DNA hybridization detection proves to be one of the most effective 
methods to detect the oligonucleotide hybridization. And the use of gold nanoparticles will 
provide an insight into the interactions of the interface between the electrodes and solution. 
This project will develop an electrochemical detection system for DNA recognition by taking 
the advantages of microfluidics which uses minute volume of samples and increases the 
detection efficiency.  
 
2.1.1 Polymerase Chain Reaction 
 
Polymerase Chain Reaction (PCR) is an important method that can exponentially amplify 
specific nucleic acid sequences in a short time. Deoxyribonucleic acid (DNA) amplification 
with PCR is achieved by cycles of in vitro DNA replication. Because of the nature of the 
amplification process, PCR offers higher sensitivity and specificity than any other technologies 
in clinical laboratories. And PCR becomes the first choice for rapid detection such as the 
diagnosis of infectious diseases at earlier stages.  
 
Saiki et al (Saiki et al. 1988) conceptualized PCR in 1986 which was developed into practice 
rapidly. This technology shortens the process of replication of DNA and is a breakthrough in 
molecular diagnosis field. Porter et al (C. T Wittwer 1989) firstly took the advantages of 
miniaturizing PCR and Northrup’s group (Woolley et al. 1996) was inspired to develop silicon 
based PCR chips, which is also another milestone in PCR devices. From there on, many types 
of PCR chips have been fabricated. Micro-scale PCR chips provide faster DNA amplification 
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rates because of the higher heat transfer rate in the samples and the use of temperature control 
system.  
 
Adenine (A), cytosine (C), guanine (G), and thymine (T) are the four nucleotide bases to build 
up every piece of DNA. Because of the hydrogen bond, the A on a strand always pairs with the 
T on the other one, and C pairs with G. Primers are another important component for copying 
DNA. They are complementary nucleotides to the target single strand DNA. A salt with a 
divalent cation and a buffer with a simple salt are needed for the reaction solution as well. A 
DNA replication cycle for PCR is shown in Figure 2.1, which works through 3 steps in normal. 
 
Denaturation: The solution is heated to 90-95 °C for a period that separates the single strand 
DNA of the double helix to each other. This is the preparing step for priming and DNA 
amplification subsequently. 
 
Annealing: The solution is cooled down to 55-64 °C and kept for a sufficient time to allow the 
hybridization between the primers and the target single strand DNAs. 
 
Extension: This final step is to raise the temperature to around 75 °C, which can guarantee all 
the primed events to be fully extended and eventually makes a complimentary copy of the 
target ss-DNA. 
 
This three-step circle is typically repeated for 30-40 times. 
 
 
 
7 
 
 
 
Figure 2. 1 Schematic drawing of the PCR cycle: (1) Denaturing at 94-96 °C. (3) Annealing 
at 54°C (4) Extension at 72 °C (Abubakar et al. 2004). 
 
 
The normal PCR process (30 cycles) can be accomplished in about 150 minutes (Abubakar et 
al. 2004), depending on the thermal transfer rate which is related to the chip size and al DNA. 
The most widely used PCRs store the samples in wells with a volume of more than 20 µL. The 
relatively large volume requires long time during the heating and cooling of the PCR processes. 
So microfluidics can provide a faster and less sample-consuming DNA amplification in clinical 
laboratories.  
 
2.1.2 Materials used for PCR chips 
 
The conventional materials, glass and silicon, used for microfluidics are not ideal to fabricate 
disposable devices because of the exorbitant material and high cost even though they both 
exhibit good applicability in the development of PCR chips. Polymer materials are the potential 
choice compared with glass and silicon because of them also having proper bio-compatibility. 
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The plastic chips can be massively produced at a lower cost, which is quite attractive for 
disposable devices. There are mainly three polymer materials that are able to be utilized in the 
PCR microfluidics:  
 
Polydimethylsiloxane (PDMS): PDMS is one of the most popular polymer materials for PCR 
chip fabrication (Cady et al. 2005; Liao et al. 2005; Pilarski, Adamia & Backhouse 2005; Q. 
Xiang 2005; Zhang et al. 2006a). Good optical transparency and low materials cost are the 
advantages of PDMS. More importantly, it has a less sample adsorption rate than the other 
polymer materials. However, the high permeability of PDMS can lead to the diffusional loss 
of biological sample (Ranjit Prakash et al. 2006). The air bubbles existing on its surface during 
the fabrication are another common problem which prohibits the rapid heat transfer (Zhang et 
al. 2006a). 
 
Polymethylmethacrylate (PMMA): PMMA is an easy-productive polymer material, which can 
be fabricated by CO2 laser ablation or conventional machining technology (Cheng et al. 2005; 
Taylor et al. 2005). Because of the low auto-fluorescence, it is quite suitable for the optical 
detection (Hashimoto 2005). However, the impact strength of PMMS is significantly lower 
than that of polycarbonate. And it has a low Tg of 105 °C that is too close to the denaturation 
temperature of the PCR process (95 °C), which may be an obstacle in the melting temperature 
analysis. 
 
Polycarbonate (PC):Polycarbonate (PC) is a unique group of thermoplastic polymers which 
are easily moulded and thermoformed (Hashimoto, Barany & Soper 2006). The characteristics 
of polycarbonate are quite like those of polymethyl methoacrylate (PMMA, acrylic), but 
polycarbonate is stronger and usable over a greater temperature range. More importantly, 
polycarbonate is highly transparent to visible light, with better light transmission than many 
kinds of glasses. The high glass transition temperature (150 °C) makes it quite suitable for the 
high denaturing section of thermal cycling at 95°C. This advantage is of great help in the 
recognition of hybridization event for a potential integration with DNA amplification. 
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There are also some other new substrates such as perfluoroalkoxy-modified 
polytetrafluoroethylen (PFA) (Chabert 2006; Dorfman 2005) and LiNbO3 (Guttenberg et al. 
2005) that can be used as PCR chips. But they are quite expensive, which could potentially 
limit their utilization for a disposable device in less developed countries.  
 
Polycarbonate was taken as the material to fabricate chips because of its advantages over other 
plastic materials. However, the low hydrophilicity is a problem associated to PC, requiring 
adequate surface modification for a further introduction of transducer. 
 
2.2 DNA detection methods 
 
There are two pathways to detect DNA. One is DNA molecular detection which can be 
accomplished by gel electrophoresis, while the other one is DNA hybridization detection which 
takes advantage of the property change when complementary DNAs hybridize with each other.  
 
Gel electrophoresis is an analytical technique to separate DNA or RNA fragments by size and 
reactivity. The separation is demonstrated by exploiting the mobility of different sized 
molecules passing through the gel. This method has been widely used to detect the DNAs after 
amplification. And it is also applied for separating gold nanoparticles with different number of 
DNA molecules (Pellegrino et al. 2007). 
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Figure 2. 2 General DNA sensor design (Drummond, Hill & Barton 2003). 
 
 
Based on our PCR device, DNA is well suited for diagnosis applications because of the specific 
and robust base-pairing interactions between complementary sequences. Figure 2.2 
demonstrated a typical DNA sensor configuration, a single-stranded probe sequence is 
immobilized on a transducer, where base-pairing interactions are produced with target DNA. 
Therefore, it is a key point to immobilize nucleic acid probe sequences in a predictable manner 
while maintaining their inherent affinity for target DNA for our device. How this recognition 
event is reported depends ultimately on the method of signal transduction, whether it be optical, 
mechanical or electrochemical (Drummond, Hill & Barton 2003). 
 
There are many different kinds of DNA hybridization detection assays such as fluorophore-
labelled method (Fang et al. 1999; Tyagi & Kramer 1996). Molecular fluorophore-labelled 
method is a 20 years old technology that has developed continuously. Facile preparation of 
low-noise hybridization probes and permission of multiple targets visualization and 
quantitative analysis make it very versatile for a wide variety of applications. However, this 
assay has many drawbacks such as broad absorption and emission bands (Mirkin 2005), and a 
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reliance on expensive equipment. These all limit the use of fluorophore in point-of-care DNA 
detection which requires low costs and portability.  
 
Nanomaterial based assays for many diseases are also available in nanometre scaled chips, 
which inspire scientists to design and fabricate new materials for applications in diagnosis 
because of their high sensitivity and selectivity (Ginger, Zhang & Mirkin 2004; Kenseth et al. 
2001; Liu et al. 2002; Wadu-Mesthrige et al. 1999). There are mainly three methods based on 
nanomaterials: optical detection, magnetic relaxation detection, and electrochemical detection.  
 
2.2.1 Optical detection 
 
The use of gold nanoparticle based DNA optical detection was first reported in 1996 (Mirkin 
1996). It was observed that there is a change in optical properties when oligonucleotides-
modified nanoparticles aggregate because of the connection of single strand DNAs which are 
complementary to the oligonucleotides. Specifically, the colour changes when gold 
nanoparticles are added into the solution and become aggregated (Mirkin 1996). This 
phenomenon takes advantage of gold nanoparticle surface plasmons and aggregate scattering 
properties. AuNPs absorb and scatter light intensely at their surface plasmonresonance (SPR) 
wavelength region and such properties make AuNPs valuable being optical probes for many 
sensing applications (Ghosh & Pal 2007; Hu et al. 2006; Jain et al. 2006; Jans & Huo 2012; 
Jones et al. 2011; Luk'yanchuk et al. 2010). The sharp melting profile is a further observation 
and demonstrated that assays based on gold nanoparticles can provide a high selectivity 
(Elghanian 1997; Jans & Huo 2012; R. Reynolds 2000; Storhoff 1998; Wu 2003). Selectivity 
and sensitivity are improved with the introduction of nanoparticles into some well-studied 
DNA assays. Recently, Mancuso et al (Mancuso et al. 2013) reported gold and silver 
nanoparticle based method for multiplexed colorimetric detection of Kaposi’s sarcoma. The 
system can be integrated with microfluidic sample processing to create a final device used in 
endemic regions, such as Sub-Saharan African. 
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Figure 2. 3 Scheme showing the DNA-based colloidal NP assembly strategy (Mirkin 1996). 
 
 
Quantum dots were employed for detecting multiple targets in a single assay. Han et al (2001) 
showed a proof-of-concept research to demonstrate the potential of quantum dots as tags for 
multiplexed DNA detection by varying the numbers and ratios of different quantum dots per 
target. Gerion and Chen (2003) combined the quantum dots with chip-based assays and this 
method was further developed for a higher signal amplification (Wu et al. 2014; Zhu et al. 2014) 
 
Light-scattering properties of nanoparticles are very useful for multiplexed analyte detection  
(Mirkin 2005). Stimpson and Theriault (Stimpson & Theriault 1995) firstly reported that light-
scattering selenium nanoparticles could be used for chip-based DNA assay in 1995. 
Colorimetric nanoparticle approach provides a high selectivity. However, the signal is affected 
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by not only the size and shape of nanoparticles, but also the orientation of the particles on the 
surface and their interactions with other particles (Mirkin 2005). 
 
Raman-dye-labelled oligonucleotides can also be used for multiplexed detection of analytes. 
Obviously, the identification of the targets is figured out by detecting the surface-enhanced 
Raman scattering (SERS) of the Raman dye around the surface. SERS  is one of the most 
sensitive diagnostic approaches available to the analytical chemistry (Mirkin 2005; Petry 2003). 
 
There are some methods to amplify the signal, such as the deposition of metals onto gold 
nanoparticles (Taton 2000). Even so, however, most of the reported approaches still require 
PCR prior to detection steps due to the limit of the detection sensitivity. That’s the reason why 
we will also combine DNA detection with DNA amplification (PCR). And a platform needed 
to detect the optical properties limits the application of these principles in the microfluidics, 
because the detection tools are hard to be improved to adopt the microfluidics.   
 
2.2.2 Magnetic relaxation detection 
 
Magnetic nanoparticles also show the potential to be applied in solution-based assays for DNA. 
Perez et al (2002) developed biocompatible magnetic nanosensors that act as magnetic 
relaxation switches (MRS) by dephasing the spins of the protons in the surrounding water. 
Specifically, the oligonucleotide sequences attached to the iron oxide particles were chosen to 
recognize different DNA sequences. These nanoparticles become aggregated and show 
significant changes in the spin-spin relaxation times (T2) of neighbouring water molecules. 
Further research revealed that the perfect target sequence is clearly distinguished from single-
nucleotide mismatches by benchtop measurements (A) and T2 weighted MRI (B) of samples. 
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Figure 2. 4 Temporal change of T2 relaxation times of P1-GFP and P2-GFP with the addition 
of various target oligonucleotides containing single-nucleotide mismatches G, T, and C in 
25mM KCl, 50 mM Tris-HCl, pH 7.4 (Perez et al. 2002). 
 
 
2.2.3 Mass readout 
 
An alternative readout strategy is to monitor mass changes when the target DNA is introduced 
to recognition layer. Quartz crystal microbalance (QCM) is the most frequently usedmethod. 
This method is sensitive and can provide real-time information of the hybridization event in 
details (Patolsky, Lichtenstein & Willner 2001). And this method could be a really 
complementary one for our DNA sensor buiding-up. Here, the Q-sense E4 is a real-time 
analytical instrument for studies of molecular events occurring on surfaces. The E4 measures 
mass and viscoelastic properties of molecular layers as they build up or change on the sensor 
surface. And dissipation is applied for the structure characterization. 
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2.2.4 Electrical and Electrochemical Detections 
 
Electrical and electrochemical detection methods show the potential that portable devices could 
be used in a variety of point-of-care environments since they are label freeand can be integrated 
with small, fast, and inexpensive electric instruments. Table 2.1 demonstrates the detection 
limits applied by different methods. The unique electrical/ electrochemical properties of 
AuNPs provide an efficient signal to the hybridization event (Saha et al. 2012). 
 
 
Table 2. 1 Detection Limits of Nucleic Acid Assays (Mirkin 2005). 
   Assay ssDNA 
   Colorimetric (Elghanian 1997)  (cross-linked Au nanoparticles) 
10 nM 
  Colorimetric (Sato, Hosokawa & Maeda 2003) (non-cross-
linked Au nanoparticles) 
60 nM 
  magnetic relaxation (Perez et al. 2002) (iron oxide nanoparticles) 20 pM 
  Electrochemical (Wang, Liu & Merkoçi 2003) (nanoparticles) 270 pM 
  Scanometric (Storhoff et al. 2004b; Taton 2000) 
 (Au nanoparticles with Ag amplification) 
50 fM 
  Raman spectroscopy (Cao, Jin & Mirkin 2002) 
 (Au nanoparticles with Ag amplification) 
1 fM 
  Electrical (Park, Taton & Mirkin 
2002) (Au nanoparticles with Ag amplification) 
500 fM 
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Note: Detection limits can vary based on target length and sequence; therefore, it is difficult to 
compare assays without testing them using identical targets and conditions. 
 
2.3 Electrical/ electrochemical DNA detection 
 
Combining DNA hybridization with electrochemical read-out is a research topic of strong 
interest worldwide. Electrochemical methods are well suited for DNA hybridization event as 
there is no need for one expensive signal transduction equipment. Electrochemical 
characterization is based on the direct or indirect electro-signal change when binding event 
  resonant light-scattering (Bao et al. 2002; Cao, Jin & Mirkin 2001; 
Storhoff et al. 2004a; Taton 2000; Yguerabide & Yguerabide 
1998) (metal nanoparticles) 
170 fM 
  Fluorescence (Gerion et al. 2003)  (ZnS and CdSe quantum dots) 2 nM 
  surface plasmon resonance (Wold & Frisbie 2000)  (Au nanoparticles) 10 pM 
  quartz crystal microbalance (Weizmann, Patolsky & Willner 2001)  
(Au nanoparticles) 
1 fM 
  laser diffraction (Bailey et al. 2003) (Au nanoparticles) 50 fM 
  Fluorescence (Zhao, Tapec-Dytioco & Tan 
2003) (fluorescent nanoparticles) 
1 fM 
  bio-bar-code amplification (Nam, Stoeva & Mirkin 
2004) (Au nanoparticles with Ag amplification) 
500 zM 
   Fluorescence (molecular fluorophores) 
600 fM 
  electrochemical amplification (Wang et al. 
2003b) (electroactive reporter molecules) 
100 aM 
17 
 
happens. Different kinds of nanomaterials such as AuNPs, carbon nanotubes and graphene 
have been applied to increase the detection limit and stability (Shi et al. 2014). Nanoparticles 
such as gold are attractive candidates to strengthen the electrical signal and improve the 
sensitivity because: 
 
1. the small nanoparticle size corresponds to large surface/volume ratio,  
 
2. they have chemically tailorable physical properties, and 
 
3. they possess unusual target binding properties(Mirkin 2005). 
 
A variety of AuNPs-based DNA sensing strategies (Figure 2.5) have been developed, including 
AuNPs dissolution by acid direct detection (Authier et al. 2001; Wang, Polsky & Xu 2001; 
Wang et al. 2001; Wang, Xu & Polsky 2002) of AuNP/DNA conjugates anchored onto sensor 
surfaces (Castaneda et al. 2007; Kerman et al. 2004; Pumera et al. 2005) because AuNPs can 
be easily conjugated with biomolecules (Lepoitevin et al. 2015; Lu et al. 2015).  And AuNPs 
were applied as carriers for other electroactive labels (Kerman et al. 2004; Wang et al. 2003a; 
Wang et al. 2010; Zhang et al. 2006b). Based on strategy B (Figure 2.5), precipitation of silver 
(Cai et al. 2002; Lee, Li et al. 2003; Li et al. 2004) and gold (Rochelet-Dequaire, Limoges & 
Brossier 2006) onto AuNPs labels has been used to enhance sensing signals. 
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Figure 2. 5 Schematic (not in scale) of the different strategies used for the integration of gold 
nanoparticles (AuNPs) into DNA sensing systems: A) Previous dissolving of AuNP by using 
HBr/Br2 mixture followed by Au(III) ions detection; B) direct detection of AuNPanchored 
onto the surface of the genosensor; C) conductometric detection, D) enhancement with silver 
or gold followed by detection; E) AuNPs as carriers of other AuNPs; F) AuNPs as carriers of 
other electroactive labels (Castañeda, Alegret & Merkoçi 2007). 
 
2.3.1 Current detection 
 
The easiest way to detect electric changes is to form a complete exterior electric circuit. 
Parameters including current and Voltammetry could demonstrate the change of the “gap” 
where conductive particles can be positioned in.   
 
Park, Taton and Mirlin (2002) reported that the binding of oligonucleotides functionalized with 
AuNPs leads to conductivity changes associated with target-probe binding events. If the 
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oligonucleotides are positioned in the gap, DNA can be detected by the means of current change. 
Specifically, in the presence of the target DNA, the probes become aggregated and with the 
silver deposited onto the gold surface, subsequent electric flow can be measured (Figure 2.6). 
 
Current detection is convenient and easy to implement. However, the multiplexed DNA 
detection cannot be demonstrated on this device as the current value is not able to be 
differentiated. 
 
 
 
 
 
 
Figure 2. 6 (A) Scheme showing concept behind electrical detection of DNA, (B) Sequences 
of capture, target, and probe DNA strands (Park, Taton & Mirkin 2002). 
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2.3.2 Impedance detection 
 
Besides forming an exterior electric circuit and detecting the parameters such as current and 
voltammetry, the interface between electrode and solution also attracts strong interests. By 
DNA hybridization, AC impedance measurement could be introduced to detect the changes of 
the electric double layer. Shanlin Pan (2005) reported sensitive label-free detection of DNA 
oligonucleotide sequences by AC impedance measurements. They modelled the charge flow 
to the electrode with an equivalent linear circuit as in the work of Randles (Figure 2.7). The 
probes are exposed to DNA samples for hybridization and the resulted parameters demonstrate 
that the Randles model fits the electrochemical behaviour. Specifically, anomalous drops in 
charge-transfer resistance happened on the hybridization between the target DNA and the 
probes. And there is no AC impedance response before and after the probe sequence 
functionalized electrode is treated by non-complementary sequences. However, more detailed 
chemical studies are needed, and the focus of this method is how to control the attachment 
chemistry while improving sensitivity. 
 
 
 
 
Figure 2. 7 (A) The Randles circuit model for a modified gold electrode in an electrolyte. WE, 
CE, and RE denote working electrode, counter-electrode, and reference electrode, respectively. 
RCT and RS are interfacial charge transport resistance and uncompensated solution resistance, 
respectively, while CDL is capacitance associated with the charge double layer at the modified 
electrode. ZW is the Warburg impedance describing depletion of the redox species in the 
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interfacial region as described in the text. (B) Typical Nyquist plot for a reversible 
electrochemical reaction that is diffusion controlled at low ac modulation frequency and 
electron-transfer controlled at high modulation frequency (Pan 2005). 
 
 
It is hard to find a proper model to fit the data. And the mechanism is still not well understood. 
This method is good if the electrochemical signal amplified. Impedance detection can provide 
an insight into the interface between electrode and solution. 
 
2.3.3 Capacitance detection 
 
Similar to impedance, capacitance could not only demonstrate the existence of the 
oligonucleotides hybridization but also give an insight to the interactions between the electrode 
and solution. Figure 2.8 shows the model of electric double layer at the thiol-
oligonucleotide/electrolyte interface.  
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Figure 2. 8 Schematic of electric double layer model. 
   
 
Conventional implementation exploited a three-electrode setup to investigate bio-
functionalized gold electrode by impedance spectroscopy as capacitance based detection can 
supply an intuitional change.  
 
Figure 2.9 illustrates an electric circuit model of the capacitance detection. The internal surface 
of electrode A is coated with probes (gold nanoparticles functionalized with oligonucleotides). 
From an electrochemical point of view, such a solution represents a conductor, while it gives 
rise to two different capacitances at the interfaces with the gold electrodes (INTA and INTB) 
(Guiducci 2004). 
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Figure 2. 9 Channel electric model: INTA indicates the surface of the electrode internal to 
the channel, which hosts possible DNA hybridization, while INTB is a bare gold (or silver) 
solution interface. CINTA and CINTB are the interface capacitance; RS and RP are the 
solution resistance and the interface resistances, respectively (Guiducci 2004). 
 
 
A direct measurement of the change (ΔCINTA) induced by DNA hybridization at the 
functionalized interface is not possible because of the two-electrode setup.  
However, in symbols:  
 
                                                                    Equation (1) 
 
where T is the period of the pulses.  
 
Thus:  
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                         Equation (2) 
 
Then we get: 
 
                                         Equation (3)  
 
When the frequency is low enough to allow the capacitors to be completely charged/discharged 
at each cycle, Guiducci (2004) applied a voltage pulse of amplitude VSTEP periodically to 
electrode A  and found that the average current in the discharging half-period is due to two 
contributions: the quiescent current Idc, and the transient current iC(t) providing the amount of 
charge needed by the two (unknown) interface capacitors to sustain the voltage drop. 
 
According to the results of Guiducci (2004) the current–frequency dependence can be 
considered linear when f is below 100 Hz (Figure 2.9). The slope of the linear regression fitting, 
the IAVG versus f curves (at fixed value of VSTEP), is CTOTVSTEP. And it should be a constant for 
one species of DNA.  
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Figure 2. 10 Current VS frequency (Guiducci 2004). 
 
 
It has been proved that capacitance detection is available for monolayer DNA hybridization. 
However, the capacitive signal is not always strong enough to differentiate. There is a great 
opportunity to take AuNPs as carriers of another target DNA. However, it needs to determine 
what electrochemical property of multi-DNA duplex layers should be. Up to now, whether the 
addition of a DNA layer in the solution helps amplify capacitive signal or not is still not well 
understood and how biological insulator layer affects capacitive expression raises a lot of 
interest.  
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2.3.4 Chronocoulometry (CC) detection 
 
 
 
Figure 2. 11 Chronocoulometry method for DNA detection. Chronocoulometric response 
curves for MCH (squares) and P1/MCH (circles) modified electrodes in the absence (open) and 
presence (closed) of 50 μM RuHex. The lines represent the fit to the data used to determinethe 
intercept at t = 0. The solid lines are the fits for the MCH curves, and the dashed lines are the 
fits for the P1/MCH curves (Steel, Herne & Tarlov 1998). 
 
Chronocoulometry (CC) method is used to quantify the surface density of DNA immobilized 
on transducer surface. CC was initially employed by Tarlov and co-workers to quantify DNA 
surface density via measuring redox charges of RuHex at surfaces (Steel, Herne & Tarlov 1998). 
Typical chronocoulometric responses for RuHex at a MCH and a P1/MCH electrode are given 
in Figure 2.11. 
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The number of DNA is calculated from the amount of cationic redox marker (RuHex) which 
is electrostatically associated with the anionic DNA backbone. The saturated amount of charge-
compensating redox marker in the DNA monolayer is proportional to the number of phosphate 
residues and thereby the surface density of DNA (Steel, Herne & Tarlov 1998). This method 
allows quantitative determination of both single- and double-stranded DNAs at electrodes. 
Meantime, this method supplies important application as the hybridization efficiency is able to 
be calculated with a similar strategy. 
 
2.4 DNA immobilisation 
 
Immobilization of DNA probes onto transducer surface is one of the crucial steps toward DNA 
sensor development (Lao et al. 2005). The sensitivity, selectivity and stability all play an 
important role in a DNA sensor, which is highly dependent on orientation, conformation and 
surface density of DNA probes.  
 
All molecular-based biosensors rely on specific binding event, which is the hybridization 
process. And self-assembled monolayers (SAMs) were patterned  in Guiducci (Guiducci 2004) 
work. Herein, a suitable platform to facilitate the formation of probe-target complex plays an 
essential role in developing our DNA sensor. One imperative property is that AuNPs can be 
functionalized with thiolated groups, indicating that  the AuNPs-DNA probes can be tailored 
for a wide range of applications (Fratila et al. 2014; Wang et al. 2013; Wang et al. 2014). 
 
Thiolated DNA probes on gold surface are one of the most employed systems (Herne & Tarlov 
1997). And Gold nanoparticle based DNA electrochemical detection requires a platform to 
demonstrate the electrical double layer in the solution. Afterwards, different characterization 
methods can be used to measure the interface between electrode and solution. This platform 
can become a portable and practical disease diagnostic device. And the chip can act as a 
platform when the DNA probes are immobilized on the surface of the channel.   
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2.4.1 Surface functionalization 
 
Gold is an appropriate option to be the electrode and connect with probes because of its good 
conductivity and Au-SH band. By surface modification, gold film can be deposited on the 
surface of polycarbonate channel to interact with thiol groups which have been functionalized 
with the oligonucleotides.   
 
Because of the low hydrophilicity of polycarbonate, the surface of PC should be modified first 
to introduce some chemical groups such as hydroxyl or carboxyl groups. Plasma, UV light, 
electron beams, ion beams, X-rays, γ-rays, and wet chemical method can all be used to pre-
treat polycarbonate. Then electroless gold plating or gold sputtering methods can be applied to 
deposit gold film on the surface. 
 
However, the chemical groups introduced by the above methods have a problem with washing 
stability (Larsson & Derand 2002; Morra, Occhiello & Garbassi 1991; Murakami, Kuroda & 
Osawa 1998a, 1998b; Onyiriuka, Hersch & Hertl 1991). The groups cannot be attached to the 
surface permanently. The electroless deposition requires multiple time rinsing with water. 
Larsson and Derand (2002) introduced a plasma method to resolve this issue.  
 
Plasma process is an important industrial process in modifying polymer surfaces. It is consisted 
of charged and neutral species, such as electrons, ions, radicals, atoms and molecules. For 
example, oxygen plasmas are frequently used for the etching of polymers. When polymer 
surface was treated with oxygen plasma, followed by washing with ethanol, the OH- groups 
can be introduced on the surface of the polymer. 
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The plasma treatment can be confined to the surface layer without considering the bulk 
properties, and it can modify almost all types of polymer surfaces. What’s more, the 
modification is quite uniform over the whole surface of the polymers. 
 
2.4.2 Electroless deposition 
 
In the 1940’s, A. Brenner (1946) successfully developed a stable electroless deposition process. 
Electroless deposition (autocatalytic plating) is the process of depositing a thin metal film with 
the aid of a chemical reducing agent in solution, and without the application of external 
electrical power. This method has been used to yield deposits of Ni, Co, Cr, Pd, Cu, Ag, and 
Au. The basic process can be outlined as follows: Electrons derived from heterogeneous 
oxidation of a reducing agent at region of the surface reduce metal ions to metal atoms. 
 
There are several unique characteristics possessed by electroless deposition. The throwing 
power is good on any surface to which the solution has access, and it is applicable to non-
conducting substrates such as polycarbonate. The overall reactions for eletroless deposition can 
be described in Table 2.2:  
 
. 
Table 2. 2 Reaction for overall deposition process 
 
 Overall reaction Reducing agent 
 
Cu 
Cu2++2HCHO+4OH-=Cu+2HCOO-
+2H2O+H2 
HCHO 
 
Ag 
2Ag(NH3)2+ + 2OH-=Ag2O + 4NH3 
+ H2O 
3Ag2O + C4O6H42- + 2OH- = 6Ag + 
2C2O42-+ 3H20 
Rochelle salt 
(C4O6H42-) 
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Au 
6[Au(CN)2]-+BH3OH-+6OH-
=6Au+BO2-+12CN-+5H2O 
4[Au(CN)2]-+BH2(OH)2-+4OH-
=4Au+BO2-+8CN-+ 4H2O 
BH3OH- 
BH2(OH)2- 
 
Electroless deposition can provide a denser metal coating, which is good for the conductivity 
and immobilization of probes. 
 
2.4.3 Physical vapour deposition 
 
Physical vapour deposition is a process to deposit layers of atoms or molecules from the vapour 
phase onto a solid substrate in a vacuum chamber. Sputtering and electron beam evaporation 
are two very common types of processes used. Gold sputter coating is normally used for the 
sample preparation in our scanning electron microscopy experiment. 
 
E-beam evaporation is a process that target material is bombarded with an electron beam under 
high vacuum. The atoms of the target material evaporate into the gaseous phase. A thin layer 
of the anode material is precipitated on the solid surface. A clear advantage of this process is 
that the deposition rate can be as low as 1 nm per minute, which means an accurate thickness 
control. 
 
2.5 Conclusion 
 
Electrochemical methods are well suited for DNA binding event as the system supply a direct 
signal without further expensive signal transduction equipment. Furthermore, immobilized 
probe stays confined to a large range of electrode substrates. The detection process can 
potentially be accomplished on PCR device by integrating with an inexpensive electrochemical 
analyser. Our PCR machine using microfluidics helps to increase the electrochemical signal 
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with a pre-amplification. Indeed, portable systems for clinical detection and on-site 
environmental monitoring are now being developed (Wang 2002). 
 
Despite the opportunities offered by electrochemical DNA sensor, some important hurdles 
remain.  The application of the assay onto variety of electrode probe and the fabrication is the 
first issue. The assay demonstrated by far is centred on the order of 10 base pair, however, 
sequence ranging from 15-50 base pair has more clinical value. Meantime, even with the 
highest sensitive electrochemical method, a pre-amplification is required as a low copy of 
numbers presents challenge for efficient hybridization. Our goal is to produce an assay 
involving rapid DNA amplification integrated with detection within half an hour. 
 
Based on our fast PCR device, converting genomic information to clinical advantage will 
certainly provide a new tool for disease diagnosis with low cost, portability and reasonable 
sensitivity.  
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Chapter 3. Multiple sample DNA amplification with microfluidic 
chips 
 
3.1 Introduction 
 
Polymerase chain reaction (PCR) has become one of the most popular and widely used 
diagnostic tools in molecular medicine due to its high specificity and sensitivity since its 
inception in mid 1980s (Mullis & Faloona 1987). The single strand DNAs require 3 major steps 
-denaturing, annealing, and extension - for a fast and stable amplification. They are all closely 
related to the temperature control and heating ramping rate and especially for annealing when 
the mixture is cooled down from 90° to a lower temperature in a range of 55-64°C. Accurate 
temperature control and fast ramping rate are beneficial for the binding between primers and 
single strand DNAs and determine the efficiency of the PCR. 
 
However, conventional thermo-cyclers could only achieve a temperature ramping rate on about 
1-2 degrees centigrade per second in the temperature range relevant for PCR. The high thermal 
capacity of the wells that accommodate PCR tubes is the main reason of the low ramping. 
Hence, the average reaction durations of PCR is above 1 hour for DNAs of less than 1000 base 
pair.  
 
While for the microfluidic chip based PCR, the system has become effective in addressing the 
volume, cost and time consuming limitations of conventional instruments. Stationary chamber 
(Kopp, De Mello & Manz 1998; Niu et al. 2006) and continuous flow PCR devices (Joung et 
al. 2007; Zou et al. 2005) are the two most favoured formats. These formats make use of highly 
heat conductive substrates such as silicon and low sample volume to accelerate the 
amplification rate (Sugumar et al. 2012), which is a breakthrough in molecular diagnosis. 
However, high cost of substrate and the usage of expensive external devices such as syringe 
pump are the disadvantages of these designs.  
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Sugumar et al (2012) reported a novel rotary-linear motion device which is named PCRDisc. 
In this concept, the samples are moved from one temperature zone to another with the help of 
a rotary-linear motion system and the temperature zone is controlled separately. The samples 
will be deemed to complete one PCR cycle when the chips finish a 360° rotation from its initial 
denaturing position. Based on this novel design, it is expected to act efficient temperature 
cycling like the flow-through micro-channel PCR chip and demonstrate the flexible adjustment 
of the cycle number and temperature zone maintenance in the stationary chamber PCR chip. 
 
The separately controlled temperature zone guarantees the stable temperature and fast heat 
transfer on the heater. And a new microchip is required to be developed to accommodate the 
PCRDisc for a stable and high PCR efficiency. Then how to extend this microchip design to 
perform more samples simultaneously is another challenge. Meanwhile, taking advantage of 
the new microchip, two different DNA are to be amplified in our PCR device simultaneously, 
and the potential clinical application on multiplex DNA amplification is to be demonstrated by 
gel electrophoresis.  
 
Less time-consuming is another indispensable element for one PCR thermo-cycler, especially 
for the future diagnosis of infectious diseases. The optimum duration for each of the cycling 
duration is imperative and determines the whole processing time. So it is necessary to obtain 
the sample temperature for a better understanding of the thermal behaviour.  However, due to 
the small volume of samples and geometry of the microchips, it has always been challenging 
to measure the sample temperature directly. Finite element analysis (FEA) is to be integrated 
with experimental results to investigate the thermal behaviour of the sample in the plastic 
microchip. The inherent advantage and deficiency of the microchip design is expected to be 
demonstrated theoretically. 
 
3.2 Design and fabrication of micro PCR chips  
 
The conventional materials, glass and silicon, used for microfluidics are not ideal to fabricate 
disposable devices because of them being exorbitant materials and high cost involved during 
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fabrication even though they both exhibit good applicability in the development of PCR chips. 
Polymer materials are the potential choice compared with glass and silicon due to proper bio-
compatibility. 
 
   
 
Figure 3. 1 (A) Disc with sealed chamber; (B) PCR microfluidic chip. 
 
 
In the initial PCRDisc design, the chamber for sample accommodation are fabricated using the 
conventional CNC machine and each of the chamber is sealed on one side of the disk with a 
PCR friendly foil (Sugumar et al. 2012). The aluminium foil forms the chamber base with 
adhesives which might influence the heat transfer efficiency. Figure 1 shows the disc with 
sealed chambers. For a low cost and portable consideration, the PCR chips were fabricated 
from polycarbonate by injection moulding machine. The spiral channel has a volume of 5 µL 
and a thin polycarbonate film was attached to seal the bottom by hot press machine. This kind 
of PCR chip has chambers that protrude out and form isolated chambers separated by air gap 
which benefits two different annealing temperature control for a multiplex DNA amplification. 
More importantly, with the PCR chips as a platform, further electrochemical detection of DNA 
can be integrated with amplification process. 
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3.3 Microchip based PCR 
 
3.3.1 PCR sample preparation 
 
 
Table 3. 1 Primer sequence of GAPDH287 and GAPDH120. 
 
GAPDH 
DNA 
287bp 120bp 
Forward 
primer 
5‘-
GCCAAAAGGGTCATCATCTC-
3’ 
5’-
GAAATCCCATCACCATCTTCCAGG-
3’ 
Reverse 
primer 
5‘-
GCCAAAAGGGTCATCATCTC-
3’ 
5’-GAGCCCCAGCCTTCTCCATG-3’ 
 
 
Samples for PCR were prepared in a 50 μL reaction mixture volume.  Gotaq Green master mix 
(promega, USA) is a premixed ready-to-use solution containing Taq DNA polymerase, dNTPs, 
MgCl2 and reaction buffers at optimal concentrations for efficient amplification of DNA 
templates by PCR. Each reaction mixture contained 1X Gotaq Green master mix, each 4 μL of 
forward primer (10 μM) and reverse primer (10 μM) and 1 μL of GAPDH  DNA template (10 
μM). Sequence of forward and reverse primersis demonstrated in Table 3.1. Two kinds of 
DNAs with different lengths (287 and 120 base pairs) and thermal temperatures were amplified 
to show our PCR machine for a wide range of applications. GAPDH DNA template (cDNA) 
were got by RNA reverse transcription through “high Capacity cDNA Reverse Transcription 
Kit” (Thermofisher Scientific, Australia). The original concentration of cDNA tested by 
Spectrophotometer is 0.322 µg/L. Green Master Mix contains two dyes (blue and yellow) that 
allow the monitoring of progress during electrophoresis so the coloured dye is not necessary 
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for introduction. For PCR proceeding on microfluidic chips, 4 µL sample were injected into 
the channel to perform thermal cycling.  
 
3.3.2 PCR process 
 
 
Table 3. 2 Standard RCR temperature and cycle setup using conventional thermal cycler. 
 
Step 
Temperature 
(°C) 
Time 
Cycles 
GAPDH287 GAPDH120 
Initial 
denaturation 
96 3 min 3 min 1 
Denaturation 96 30 s 30 s 30 
Annealing Ta 30 s 30 s 30 
Extension 72 30 s 30 s 30 
Average cycle 
time  
90 s 90 s 30 
Final annealing Ta 30 s 30 s 1 
Final extension 72 3 min 3 min 1 
Total cycle time  88 min 88 min 30 
 
 
Thermal cycling was performed 30 cycles using the conditions listed in Table 3.2.In each cycle, 
the samples were denaturated at 96°C for a duration, then annealed for a same duration using 
the temperature shown in Table3.2. Finally they were extended at 72°C for the same duration. 
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The anticipated product length was 287 and 120bp, calculated from the primer alignment to 
the template sequence. The control reaction mixture was subjected to several cycles of 
amplification in T100 thermal cycler (Bio-rad, USA). Afterwards, the target products were 
extracted out from chips. Samples were electrophoresed in 1% agarose gel (Bio-rad, USA) with 
1X Gelstar (Lonza, USA) stained in 1X Tris-borate-EDTA (TBE) buffer and then visualized 
under UV light (LAS-4000, GE, USA). 
 
3.3.3 Annealing temperature 
 
Normally, the temperature of denaturation and extension has a narrow range that does not affect 
the efficiency violently. However, the annealing temperature determines the hybridization 
efficiency between the primers and the target single strand-DNA in terms of the enzyme 
activity. Therefore, it is necessary to confirm the annealing temperature in detail for a further 
optimization of duration time and original cDNA concentration.  
 
The PCR was performed 30 cycles as follows: denaturized 15s under 96 °C, then annealed 15s 
under the temperature shown in Table 3.3. Finally they were extended 15s under 72 °C. 
 
 
Table 3. 3 Annealing temperature for GAPDH 287 and 120. 
 
 Temperature (°C) 
GAPDH 287 57 58 59 60 
GAPDH 120 57 58 59 60 
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Afterwards, the target products were extracted out from chips with a volume around 3µL. 
Samples were electrophoresed and the results of GAPDH 287 DNA amplification at different 
annealing temperaturesare shown in Figure 3.2. Compared with marker (100bp DNA, 1x 
loading dye), it was found that the annealing temperature is in the range of 59 to 60 °C. It was 
noticed that for the 4 repeated gel electrophoresis under the same temperature, there are two 
lanes of unsuccessful amplification both at 59 and 60 °C due to the issue of one heater in 
annealing zone. So the PCR experiment was repeated on another heater with good heat transfer 
and temperature control. The result is demonstrated in Figure 3.2 (B). It is proved that 59 °C is 
the most appropriate annealing temperature, although there is some slight stain at 60 °C. 
 
(A)               (B)  
 
Figure 3. 2 Agarose gel electrophorogram of amplified GAPDH287 bp PCR product at 
different annealing temperatures. 
 
 
The annealing temperature for GAPDH 120 was also confirmed.As Figure 3.3 (A) reports, 
GAPDH 120 has a wide range of effective annealing temperature. The lanes of 57, 58 and 59 
°C all show the successful amplification. This result is based on a 15 seconds per section. 
However, the two lanes of GAPDH 120 at 58 °C annealing time show more dense stain (Figure 
3.3 (B)) when each section time was reduced from 15 seconds to 10 seconds, indicating a higher 
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efficiency compared with other annealing temperatures and time is an imperative element in 
DNA amplification. 1.0 °C is the temperature range opted in our PCR process and this result 
is able to be confirmed in our CFD modelling. 
 
(A)  
 
      (B)  
 
Figure 3. 3 Agarose gel electrophorogram of amplified GAPDH120 PCR product at different 
annealing temperatures: (A) 15 seconds per section, (B) 10 seconds per section. 
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3.3.4 Optimal time 
 
The efficiency of PCR is directly associated with the heat transfer rate during the heating and 
cooling process. A reduction of the time during every cycle will lead to a significant 
improvement in overall efficiency as there are 30 to 40 times cycles. 
 
As Table 3.4 shows, the total cycle time for GAPDH287 DNA amplification is 88 minutes. 
Due to the limitation of the mechanisms used in commercial PCR thermal cycler, only one 
temperature zone is positioned which leads to a lower ramping. Rapid temperature zone 
transfer in conventional PCR thermal cycler normally leads to low efficiency of DNA 
denaturation, incomplete binding between primer and the template and insufficient time for 
complete replication of the target. While for the rotary-linear motion based PCR thermal cycler, 
4 temperature zones co-exist simultaneously and the rotary system integrated with microfluidic 
chips helps more rapid and efficient heat transfer and therefore, the total cycle time was 
expected to be reduced sharply. 
 
 
Table 3. 4 Experimental schemes for time optimization. 
 
Step Scheme1 Scheme2 Scheme3 Scheme4 
Initial denaturation (s) 180 180 180 180 
Denaturation (s) 30 20 10 5 
Annealing (s) 30 20 10 5 
Extension (s) 30 20 10 5 
Average cycle time 30 20 10 5 
Final extension (s) 180 180 180 180 
Total cycle time (min) 64 44 24 14 
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It is imperative to determine the optimal time for each of the temperature cycle so as to fulfil 
the clinical value in the future. Due to the way the system is configured, the rotary-linear motion 
of the system including the method of motor operation as well as speed was programmed in 
advance. The temperature cycling duration for each individual temperature zone will not be 
changed during the PCR process. Therefore, it is critical to figure out the minimum duration 
time which guarantees that the denaturing, annealing and extension processes perform 
efficiently. 
 
For the 120 bp PCR process, the motion control system was configured to have a time delay of 
5 s, 10 s, 20 s and 30 s when the disc is in contact with the heaters. This is performed to 
determine the optimal temperature cycling time. For a 5 s delay on each temperature zone, the 
PCR mixture will go through denaturing and annealing for 5 s respectively and 10s for the 
extension. For a configured 30 rotary motion, only the sample of the row starting off with 
denaturing will go through a complete 30 cycle amplification. The other 3 rows starting from 
annealing or extension temperature zone will go through 27, 28 and 29 cycles in total. For the 
heating duration in each temperature zone was set 30 s, one complete cycle takes 120 s to 
complete with an additional 2 s for the rotary-linear motion (0.5 s between two neighbour 
temperature zones). As demonstrated in Table 3.4, it took 64 minutes to complete the 30 cycles. 
The other 3 sets of experiments reduce the heating duration to 20 s, 10 s and 5 s and the total 
cycle time is 44, 24 and 14 minutes, respectively. 
 
Figure 3.4 shows the agarose gel electrophoresis results for the 5 different heating duration. 
Lane M represents the 100bp ladder. The number on the other lanes demonstratesthat the 
duration time is 30s, 20s, 10s, 8s and 5s, respectively. And duration time of 8s was one 
complementary experiment to be in accordance with 287 bp gene fragment used later. From 
the figure, it is observed that lane 30 s yields a better amplification efficiency compared to 20 
s and 10 s. While for the duration of 5s and 8s, there is no amplification band in their lane, 
probably due to the incomplete denaturation or annealing. For the 120 bp DNA amplification, 
the cycle time required to successfully complete a PCR is 24 minutes. 
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Figure 3. 4 Agarose gel electrophorogram of amplified 120 bp PCR product (GAPDH120) for 
a time delay of 30 s, 20 s, 10 s, 8 s, 5 s when the disc is in contact with the heater. 
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Figure 3. 5 Agarose gel electrophorogram of amplified 287 bp PCR product (GAPDH287) for 
a time delay of 15 s, 10 s, 8 s, 5 s when the disc is in contact with the heater. 
 
 
Another set of experiments were conducted for the amplification of 287bp DNA and the 
heating duration time was reduced to 15 s, 10 s, 8 s and 5 s for GAPDH287 DNA amplification. 
Figure 3.5 demonstrates the agarose gel electrophoresis results under shorter heating duration. 
For a rapid amplification, the total time was reduced to be as low as 21 minutes for 8s of the 
heating duration time when the DNA was still successfully amplified, indicating that a 
significant reduction interaction time has been achieved. And this result is going to be 
explained by numerical simulation. It demonstrates that shorter duration of 8s compared to 10 
s shows an obvious faint band, this is probably due to the insufficient time for annealing. And 
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10 s was the optimal heat duration time for GAPDH287 DNA as a result of high amplification 
efficiency.   
 
For GAPDH 120 DNA, 10 seconds was also an appropriate heat duration as demonstrated in 
Figure 3.3 (b). The contact time with heater as short as 10 seconds is capable of undertaking a 
good amplification in terms of the clear band.  
 
3.3.5 Multiple sample amplification 
 
Meantime, the gel electrophoresis results prove a good direction for the amplification of 
multiple samples. The products in the four lanes were from 4 individual microfluidic chips 
starting with different temperature zone. The bands show a difference for one duration time, 
the samples starting from denaturation (on right hand side) shows a good amplification 
compared with that from extension zone. This is due to the configuration of the system as the 
chips started with denaturation have more cycles’ amplification. It is found that even for a 5 s 
duration time, the product was successfully amplified after more cycles’ thermal transfer. It is 
interesting to note that every amplification in a longer duration time produceed quite consistent 
result with no failed amplification. This suggests that the system be very reliable wherever the 
sample is amplified. 
 
Another set of simultaneous sample amplification was conducted on the microfluidic chip. As 
GAPDH120 and GAPDH287 have a similar PCR protocol with a close annealing temperature 
(57 and 59 °C, respectively), 5 μL of each mixture were shuttled in the two chambers of one 
microfluidic chip for 10 s heating duration. The agarose gel electrophoresis result is shown in 
figure 3.6, indicating that they could be amplified simultaneously, which is a good application 
for multiplex DNA amplified under the close annealing temperatures. 
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Figure 3. 6 Agarose gel electrophorogram of amplified 120 and 287 bp PCR products 
simultaneously. 
 
 
3.3.6 Sensitivity of the amplification 
 
As previously mentioned, electrochemical detection of DNA is going to be integrated on PCR 
chips. Herein, sensitivity is of great importance for DNA electrochemical characterization 
(Authier et al. 2001; Li et al. 2004; Rochelet-Dequaire, Limoges & Brossier 2006; Wang et al. 
2003a; Wang, Zhang & Zhang 2010). The minimum concentration of the initial cDNA template 
that can be amplified to an effective electrical signal is normally used to demonstrate the 
sensitivity of the PCR machine integrated with detection system. Initial cDNA is made by RNA 
reverse transcription kit and then the down-limit of concentration is diagnosed by gel 
electrophoresis at this stage.For a further study, a lower initial cDNA concentration is going to 
be tested by electrochemical characterization. The concentration of cDNA kept decreasing by 
half every time until there was no gel electrophoresis signals on the gel lane. As Table 3.5 
shows, the real concentration of cDNA can be detected by spectrophotometric method.  
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Table 3. 5 The concentration of the template DNA (cDNA). 
 
Concentration 1 1/2 1/4 1/8 1/16 1/32 
Real concentration (µg/L) 0.322 0.161 0.08 0.04 0.019 0.009 
 
 
When the optimal time (10 s) were confirmed for GAPDH287 DNA, the minimum initial 
template DNA concentration was then examined. The initial concentration of cDNA applied in 
conventional and optimal time experiment is 0.322 µg/L (primers included) which is taken as 
1, then the concentration was attenuated half each time until there is no product band in the gel 
lane. As Table 3.5 shows, the real concentration of cDNA was tested by spectrophotometric 
method.  
 
The heating cycle was performed 30 times as followed: denaturized 10 s under 96 °C, annealed 
10 s under 59 °C, and extended 10 s under 72 °C. From the gel electrophoresis result of different 
concentrations of cDNA in Figure 3.7, it is proved that under a 1/32 of initial cDNA 
concentration, the product band is still clear even a deterioration of the DNA amplification 
efficiency exists. It is demonstrated that roughly 9.5 x 10-14 M DNA was enhanced in signal in 
our PCR device, thus giving a potential application in DNA detection as the 
electrochemical amplification method (Wang et al. 2003b) supplies with a 100 aM detection 
limit. This sensitivity is enough for a sample detection when the DNA amplification process is 
combined. 
 
The robustness of the microfluidic chips based PCR device demonstrates the potential use for 
electrochemical detection of DNA which was mentioned previously. And in the lanes of 1/16, 
1/32, some fragments between 100 bp and 200 bp were noticed and this is probably due to the 
insufficient time of annealing and extension. It is predicted there will be a clearer band of the 
product when the heating duration time is increased. The thermal results were also compared 
with the commercial one (T100 thermal cycler, Bio-rad, USA). In terms of sample volume low 
to 5 µL, our PCR has a better performance as 20 µL or above is more suitable for a tube-based 
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PCR. The sample volume is also an imperative impact factor for the detection limit and our 
PCR machine demonstrates the potential application for the analysis of clinical samples since 
it produces a stable result with such a low sample volume.  
 
 
 
Figure 3. 7 Agarose gel electrophorogram of amplified 287 bp PCR product for a different 
template DNA concentration. 
 
 
3.4 CFD modelling of samples in micro chips 
 
One of the important aspects in microfluidic chips PCR system is that the heater temperatures 
must be precisely controlled so that the biomaterials are adequately activated in microscale 
channel of the chips. The control of these temperature zones depends on design of the chips 
such as dimension of the chips, material used for PCR chips and the volume of the PCR mixture. 
However, it has always been an issue to measure the sample temperature directly in a 
microfluidic PCR device because it is difficult to place the temperature sensor in microscale 
device. Furthermore, the effect of the metallic sensor to the PCR mixture is unpredictable. 
Therefore, it is important to apply no contact methods to describe the temperature gradient and 
M               1         ½      ¼      1/8   1/16 1/32 
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the duration it takes for the PCR mixture to reach bio-activity. Some of the methods that have 
been employed include computational fluid dynamic simulation (CFD), thermos chromic 
liquid and infra-red thermometry. Herein, the temperature of the PCR mixture will be simulated 
using CFD method with ANSYS software. 
3.4.1 Real-time recording system 
 
Proposing to design and fabricate an integrated PCR device based on Micro Total Analytical 
System (μTAS) for the detection of infectious diseases using micro fluidic concept, time-
consuming is a vital factor. Herein a real time recording system was integrated with the PCR 
machine and can export temperature vs. time curves by USB port. Meantime, the collected data 
is introduced for the evaluation of PCR thermal transferstability. 
 
Figure 3.8 shows the records of different temperature zone using 20 s heating duration. The 
temperature was kept stable on macro level. Then one annealing section between 100 s and 200 
s was displayed on 0.1 °C level, which help enlarge the difference. The temperature difference 
on this section is only 0.3°C, indicating a stable heating and temperature control system. 
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Figure 3. 8 Real-time recording of different temperature zones for a time delay of 20 seconds 
in PCR device. 
 
 
3.4.2 Numerical simulation 
 
As simultaneous amplification of four samples in different temperature zone has produced 
convincing results demonstrated in Figure 3.6, Numerical simulation for the sample in the 
microfluidic chip was conducted using ANSYS workbench. Table 3.6 shows the physical 
properties of the materials used in the FEA simulation. 
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Table 3. 6 Material physical properties. 
 
Material 
Thermal 
conductivity 
(cal/sec)/(cm2C/cm) 
Specific heat capacity 
J/Kg◦C 
Density 
Kg/m3 
PC 0.179 1700 1200 
Water 0.609 4180 998 
Copper 0.99 390 8960 
Mineral oil 0.11 1800 840 
 
 
PCR assembly is composed of the heaters and the PCR chips with samples in. A natural 
convection boundary condition, with a coefficient of 5 W/m2 K, was assumed on all external 
surfaces of the chip except for the bottom which is in contact with heater. The ambient 
temperature is assumed to be 25 °C. A constant heat flux is assumed at each of the heaters at 
the pre-determined temperature. The denaturing heater temperature was set at 96 °C, annealing 
haters at 59 °C, and the extension heaters at 72 °C. 
 
The microfluidic chips were heated on copper heaters. And the light mineral oil was added to 
reduce the roughness between the bottom surface and the heater. The samples are assumed to 
be distributed evenly in the channel of microfluidic chip. 
 
In the initial thermal analysis, a steady state thermal simulation was performed on the PCR 
chip under room temperature. Taking advantage of the result as initial condition, transient state 
analysis was then performed. The optimal time 10s was set as the heating duration time and 
the analysis was performed for 30 cycles. 
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Figure 3. 9 Geometry of the microfluidic chip: (A) Front surface which is sealed by rubber lid, 
(B) Bottom surface which is in contact with heater; (C) Cross sectional view of the microfluidic 
chip on heater. 
 
 
The temperature gradient for the 10 s heating duration for one complete cycle is shown in 
Figure 3.10. For the first cycle, it takes some time for the chips to reach 96 °C from room 
temperature as an initial denaturation was set. The 2nd cycle was taken from the whole cycle 
simulation and compared with the temperature gradient of the heater recorded by PCR device. 
The results show that the simulated temperature on the heater surface was consistent with 
experimental results. The slightly higher temperature measured for the experimental data was 
probably due to the effect of thermal shielding provided by the sensor plate. 
 
From the experimental results presented in Figure 3.10, it is demonstrated that the simulated 
temperature distribution for the interface of the chip bottom surface and heater is accurate and 
reliable. For the sample temperature in the chip, it is observed to take approximately 1 second 
to reach the pre-determined temperature for annealing and extension, disregarding the rotation 
time of the PCRDisc. And according to the simulation of the sample, it takes 3 seconds (12 s 
A B 
C 
heater 
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to 15 s) to reduce temperature from 63.6 °C to 59 °C, ending with a stable and anneal-able 
temperature range. Therefore, 6 seconds in annealing temperature zone (58 °C for GAPDH120) 
is the minimum required heating duration for a high amplification efficiency. This result 
explains the faint band for 8 s heating duration in Figures 3.4 and 3.5 as the 8 s heating duration 
time was not sufficient, resulting a non-completed annealing as well as consequently 
amplification failure. 
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Figure 3. 10 Microfluidic chip with sample in temperature cycling using 10 s heating duration: 
black line and dash line are the simulation temperatures of sample and heater, red line is the 
recorded temperature during experiment. 
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The thermal cycler was repeated many times in a 30 cycles PCR process, and some cycles (5th, 
10th, 15th, 20th, 25th and 30th thermal cycle, respectively) were extracted to identify the stability 
of the temperature control. Figure 3.11 demonstrates that the temperature is able to be 
controlled precisely and the simulation of the heater surface provides very useful information 
for the setting of the system. Table 3.7 shows the fluctuation of the temperature during these 
thermal cycles. The largest temperature difference in one cycle is 0.3 °C (denaturation in 20th 
cycle), which is the same as that for the different cycles (annealing).  So the temperature range 
(1.0 °C ) opted here is able to be satisfied.  
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Figure 3. 11 Microfluidic chip with sample in temperature cycling using 10 s heating duration: 
the temperature records of 5th, 10th, 15th, 20th, 25th and 30th thermal cycle, respectively. 
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Table 3. 7 The temperature records of 5th, 10th, 15th, 20th, 25th and 30th thermal cycle. 
 
 Denaturation Annealing Extension  
Highest Lowest Highest Lowest Highest Lowest 
5th 96°C 95.9°C 58°C 57.8°C 72°C 71.9°C 
10th 96°C 95.9°C 57.9°C 57.8°C 72°C 71.9°C 
15th 96°C 95.9°C 57.9°C 57.8°C 72°C 71.9°C 
20th 96.1°C 95.8°C 58°C 57.9°C 72°C 71.9°C 
25th 96°C 95.9°C 57.9°C 57.7°C 72°C 71.9°C 
30th 96°C 95.9°C 57.9°C 57.8°C 72°C 71.9°C 
Difference 0.2°C  0.3°C 0.1°C 
 
 
3.5 Conclusion 
 
In this chapter, a novel microfluidic was integrated to PCRDic for a rapid and secured PCR 
device. The result proved that the microfluidic chip is able to successfully amplify 120 and 287 
bp DNA templates. For the 120 bp DNA template, the total amplification time for 30 cycles 
was only 24 minutes. And for a further optimization, the total amplification for a longer DNA 
template was reduced to 21 minutes, less than one-fourth of the 90 minutes required for one 
conventional thermal cycler. For a further integration with direct electrochemical detection of 
amplification product on the chips, the initial concentration of DNA template was successfully 
tested to be as low as 0.009 µg/L. Meantime, multiple DNA samples were amplified 
simultaneously, which is of great help for further clinical applications. The results demonstrate 
this low cost microfluidic chip design can be used to amplify multiple samples for a faster PCR.  
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Chapter 4. SAMs on PCR Chips 
 
4.1  Introduction 
 
Introduction of the biochip concept opens the door to tremendous analytical opportunities, 
ranging from diagnosis of infectious disease to the assessment of medical treatment. To 
continue these advances and address the growing market needs in the era of biochip, a rapid 
and secured PCR device integrated with DNA diagnostic test is required to link high performance, 
with speed, simplicity, and low cost. And our novel microfluidic chip is expected to be the platform 
for DNA detection. 
 
The hybridization of complementary strands of DNA is the underlying principle of all 
microarray-based techniques for the DNA variation analysis. And this process is related to 3 
elements: transducer surface, capture probe, and hybridization. Single-stranded (SS) DNA 
probe is immobilized onto the transducer surface, followed by the duplex formation on the 
interface between the solid surface and liquid. The hybridization can be detected through an 
appropriate hybridization indicator or other changes stemed from the binding event. 
 
The immobilization of the capture probe onto the transducer surface plays a key role in the 
overall performance of DNA biosensors. The immobilization step requires a well-defined 
probe orientation, readily accessible to the target DNA (Herne & Tarlov 1997; Piunno et al. 
1999). The environment of the capture probes on the transducer surface depends upon the 
attachment pattern transferring from solution to solid surface.  
 
Optical, piezoelectric, and electrochemical detections are the most common methods for 
hybridization characterization. The sensitive and discriminating detection of a hybridization 
event is an important feature of a mature DNA sensor. And for the achievement of clinical 
value, which means short analysis time and simple operation protocols, the label free strategy 
is introduced. However, this is always accompanied with high cost and large size of the 
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instruments, prohibiting the application of the portable PCR machine integrating with DNA 
detection. 
 
Our PCR takes advantage of microfluidic chips for a rapid and secure heat transfer. How to 
build a bridge between polycarbonate chip and specific DNA recognition is determined by the 
detection method. As previously mentioned, electrochemical detection is our option for a 
potential label free characterization on PCR microchip because of its simplicity, portability, 
high sensitivity and compatibility. 
 
Depending upon the physical and chemical properties of the transducer surface, a variety of 
strategies can be used for attaching the oligonucleotide probe to the surface. These include the 
use of thiolated DNA for the formation of self-assembly monolayers (SAMs) onto gold surface, 
covalent linkage to the gold surface via thiolated groups, the formation between biotylated 
DNA and a surface-confined avidin or strepavidin, covalent linkage on carbon electrodes via 
functional groups, or a simple adsorption onto carbon surfaces. Hence, the selection of the 
functional groups dictatesthe methods to introduce transducer surface on plastic chips, and how 
to build up the platform on our novel microchip which accommodates the PCRDisc for a rapid 
and secure DNA amplification remains one of the challenges for us. 
 
Once the platform is introduced, the method of attaching capture probes has been confirmed. 
For the occurrence of better hybridization event, a variety of parameters need to be optimized, 
as the duplex information can be detected by an appropriate indicator or through other changes 
accrued from the binding event. Probe density and hybridization efficiency are used to 
characterize the SAMs on transducer surface. 
 
Probe density is controlled by varying immobilization and hybridization conditions, including 
solution ionic strength, temperature, and the amount of time that the transduce surface is 
exposed to the capture probe. And we find the probe density determines the hybridization 
efficiency as well. 
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In this chapter, the transducer surface was gold film coated onto plastic microchip for a 
potential integration between DNA amplification and detection. Here we used covalent 
attachment based on gold/ thiol bond formation for a robust and reusable DNA probe film. And 
the conditions were optimized for the immobilization and hybridization in solution phase with 
the help of SEM, XPS, QCM and electrochemical characterization. 
 
4.2  Au film on PCR chips 
 
Electrochemical transduction is normally conducted on electrode for a good conductivity and 
high sensitivity. There are two ways to execute the electrochemical detection in our PCR 
machine. One is to integrate the existing micro-electrode on microchip. The graphite-based 
sensors have been applied because of their low cost and wide useful potential window, however, 
immobilization of DNA onto the electrode surface with controlled quality, coverage and 
orientation is still the most critical aspect (Lucarelli et al. 2004). On the contrary, self-assembly 
monolayer of thiolated oligonucleotides offers a simple and elegant method to modify gold 
surfaces.  
 
In accordance with the adsorption of terminated thiol-labelled DNA, the other one is to 
introduce gold film on the chip, acting as a gold electrode for a higher electrochemical signal 
collection on larger gold coating arear compared with micro-electrode.  
 
Polycarbonate is a suitable material for microchip fabrication. However, the low hydrophilicity 
prohibits the deposition of gold film on PC surface. Chemical and physical methods are applied 
to coat gold film on the polymer surface.  
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4.2.1 Surface modification 
 
Surface modification is required for both electroless gold plating and gold sputtering to 
overcome low hydrophilicity. There are several methods to modify polycarbonate with 
functional groups, such as OH- and –COOH groups. Plasma and UV-light pre-treatment both 
can introduce OH- group onto the PC surface.  
 
For the plasma treatment and other methods, there is an important issue on the introduction of 
OH- group: the washing stability of the surface. The typical effect of washing with water or 
organic solvents is that the water contact angle increases to around 50-70°, mirrored by a 
substantial amount of the surface oxygen being lost (Emmanuel 1991; Larsson & Derand 2002; 
M. Morra 1998a, 1998b; Tatsunosuke Murakami 1998). This is because that chain scission 
reactions will produce low molecular weight oxidized materials (LMWOM) on the surface. 
Oxygen, air or argon radiofrequency plasmas with high intensities can resolve this problem 
and make the surface with a good washing stability (Larsson & Derand 2002). 
 
In our experiment, polycarbonate sheets were treated with water and a mixture of O2/Ar plasma 
(nano plasma system, Diener), followed by washing with ethanol, introducing a more 
hydrophilic surface. The surface was treated by plasma with different powers and exposure 
times, which is listed in Table 4.1. The obtained surface characteristics and stability were 
evaluated through water contact angle measurement.  
 
When OH- groups are introduced to the surface of polycarbonate, how to deposit metal film on 
the substrate is another concern. Electroless deposition and gold sputtering are both applicable 
to non-conducting substrate.   
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Table 4. 1 The contact angle value of PC surface by different resource plasma. 
 
method Plasma 
Source water water water O2&Ar O2&Ar O2&Ar 
Time (min) 1 5 10 5 10 20 
Contact angle (°) 68.9 61.0 55.9 42.9 33.5 36.2 
 
 
4.2.2 Electroless gold plating 
 
The term “electroless plating” was originally used by Brenner and Riddell (Brenner & Riddell 
1947), which is an autocatalytic process. This method is attractive due to such advantages that 
there is no requirement for expensive facilities, avoiding the application of solvent that might 
cause erosion or deformation of the polymer substrates. And another two non-autocatalytic 
plating -galvanic immersion and substrate-catalysed processes - are also useful, particularly 
when the requirements for thickness and porosity of the gold film are not stringent. The 
electroless gold deposition we used has been described by Martin et al (V.P. Menon 1995; 
Velleman, Losic & Shapter 2012). This method was expected to introduce a uniform gold film 
on polycarbonate surface.  And the plating procedures are as follows: 
 
A. Pre-modify surface. Normally, plasma is introduced to modify the polymer surface with 
groups that tin is capable of chelating to, which has been conducted previously; 
 
B. Figure 4.1 shows the bath order for electroless gold plating. Samples are immersed in 
the tin solution of 0.026 M tin (II) chloride and 0.07 M trifluoroacetic acid (TFA) for 
45 mins and rinsed with water for several times; Samples are immersed in silver 
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solution of 0.029 M silver nitrate solution with ammonia for 30 mins and rinsed with 
water for several times; For final plating bath with a volume of 50ml, 40 mL bath stock 
solution (sodium sulphite, sodium bicarbonate and formaldehyde) and 1.25 mL 
oromerse are needed, then pH is adjusted to 8 with 1M sulphuric acid. Afterwards, 
water is added to make up to 50 ml. The bath stock should be prepared in advance and 
stored in the fridge. Samples are immersed in the bath solution for 2 hours under 4 ℃. 
The overall reaction is demonstrated in Table 4.2. Then one layer of gold film was 
deposited on the polycarbonate. 
 
 
Table 4. 2 Overall reaction of electroless gold plating. 
 
 
Overall reaction Reducing agent 
 
6[Au(CN)2]-+BH3OH-+6OH-=6Au+BO2-
+12CN-+5H2O 
4[Au(CN)2]-+BH2(OH)2-+4OH-=4Au+BO2-
+8CN-+ 4H2O 
BH3OH- 
BH2(OH)2- 
 
 
 
 
Figure 4. 1 Bath order for electroless gold plating. 
 
Figure 4.2 shows the gold film deposited on the polycarbonate surface. Two different sheets of 
polycarbonate were coated with gold film. For the flat polycarbonate sheet, the gold filmis still 
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not stable. As figure shows, there are some scratches when the suface was touched and the 
metal layer is easy to peal off. 
 
 
Figure 4. 2 Electroless gold plating on polycarbonate. 
 
 
Figure 4.3 shows the SEM image of gold film formed by electroless method. It is obvious that 
the surface of gold film is not quite smooth because of the aggregation of gold nanoparticles 
which have a diameter of around 200 nm. The gold nanoparticles are not dispersed on the 
surface evenly; therefore a stable adhesion layer is not able to be guaranteed. 
 
62 
 
 
 
 
Figure 4. 3 SEM image of gold film on polycarbonate by electroless gold plating. 
 
 
4.2.3 Physical vapour deposition 
 
Physical vapour deposition is a process to deposit layers of atoms or molecules from the vapour 
phase onto a solid substrate in a vacuum chamber. Sputtering and electron beam evaporation 
are two very common types of processes used. Gold sputter coating is normally used for the 
sample preparation in our scanning electron microscopy experiment. This physical vapour 
deposition was first applied to form a gold film on the polycarbonate. 
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4.2.3.1 Gold sputtering 
 
Polycarbonate sheets are positioned in the gold sputter and 40 mA current is applied to deposit 
gold film on the surface. Coating thickness is generally close to 20nm per minute, so 5-6 
minutes can deposit 100 nm gold on the polycarbonate. This method is to be compared with 
the electroless gold plating, normally sputtered films have a better adhesion property on the 
substrate. 
 
 
 
Figure 4. 4 Gold sputtering on polycarbonate with different times: (A) 200s, (B) 400s, (C) 
600s. 
 
 
As Figure 4.5 shows, gold sputtering under different times was performed on polycarbonate 
surface. Normally, 100 seconds can introduce 25 nm thickness of gold film on the surface. 200s, 
300s, and 600s were performed separately to introduce 50, 75, 100, and 150 nm. Figure 4.6 is 
the SEM images of gold film by sputtering, demonstrating that the gold film is smooth, 
although the morphology of the surface is layered. This property supplies a good platform for 
the electrochemical detection such as capacitance characterization. However, for a further 
electrochemical detection which requires a flat transducer surface, one precise deposition 
method is required for a more accurate thickness control and dispersion.    
 
A B C 
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Figure 4. 5 SEM image of the gold film surface by gold sputtering. 
 
 
Meantime, a system with linear four probes was introduced to measure the resistance of the 
gold film. Resistivity is not necessary to calculate when the thickness of gold film is over 
100nm, as the resistance of the gold film detected by linear four probes is nearly the same. This 
indicates that one continuous layer of gold has been formed. 5 Ω is very low when compared 
with the resistance (800 Ω) formed by biological insulator layer. Table 4.3 shows that the gold 
film by electroless plating also has a good conductivity as gold sputtering although the stability 
is not satisfied.  
 
Table 4. 3 Resistivity of gold film through four probes method. 
 
Method sputtering 
 
Electroless 
plating 
Time (s) 100 200 300 600  
R (Ω) 25 9 5 5 5 
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4.2.3.2 E-beam evaporation 
 
E-beam evaporation is a process that target material is bombarded with an electron beam under 
high vacuum. The atoms of the target material evaporate into the gaseous phase. A thin layer 
of the anode material is precipitated on the solid surface. A clear advantage of this process is 
that the deposition rate can be as low as 1 nm per minute, which means an accurate thickness 
control. The application of quartz crystal microbalance guarantees that the critical thickness is 
able to be achieved. 
 
The IntlvacNanochrome II electron beam evaporation system was used for ultra-high purity 
and uniform gold film on polycarbonate. Polycarbonate was cut into 1 mm by 1mm sheet and 
mounted to the 4 inch silicon wafer and pre-cleaned by plasma for 5 minutes. Then Cr was 
introduced as an adhesion layer on polycarbonate with a thickness of 5 nm, followed by 50 nm 
gold deposition.  
 
Figure 4.6 shows the gold film deposited through e-beam evaporation. A layer of 50 nm gold 
was evenly dispersed on polycarbonate with a mirror appearance. The samples were able to be 
fabricated simultaneously, offering a potential for large future scale industrial implementation. 
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Figure 4. 6 Gold plating on polycarbonate by E-beam evoporator. 
 
 
Self-assembly monolayer is normally characterized on flat transducer surface for a strong 
signal. Therefore, the roughness of the surface plays a crucial role in the SAMs built-up on 
transducer surface. As the capture probe is designed with less than 20 nt long, of which the 
length is around 3 nm. Figure 4.7 demonstrates the roughness of the gold film deposited on 
polycarbonate through electroless plating, sputtering, and e-beam evaporation, respectively. E-
beam evaporation has a clear advantage of uniform thin film with the help of quartz crystal 
microbalance (QCM). The roughness is able to be controlled to 1 nm, making the capture 
oligonucleotides visible on the gold surface. While for the other two approaches, the capture 
probes were shielded by the deep gold valley formed on polycarbonate. Especially for the 
electroless gold plating, the electrochemical behaviour of the insulator layer attached on 
transducer surface is entirely screened. 
 
Regarding the sensitivity, stability and potential industrialization, the introduction of 
transducer surface is satisfied by e-beam evaporation based gold plating. 
 
67 
 
 
 
 
Figure 4. 7 AFM image of gold plating on polycarbonate through different methods: (a) 
Electroless plating, (b) Gold sputtering, (c) E-beam evaporation. 
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4.3  Probes immobilization 
 
Thiol groups are applied to functionalize oligonucleotides for a terminated thiol probe. Then 
single strand DNA was attached on gold film through a sulfur-gold linkage (Figure 4.8). 
Different detection methods have been reported, however, understanding how probe 
immobilization at surface is of importance as it offers the strategy to assist this process for a 
more sensitive DNA sensor.  
 
 
 
Figure 4. 8 Schematic for capture probe on transducer surface. 
 
 
4.3.1 Probes 
 
Probe design 
 
Probes design is of great importance for our experiment. As previously mentioned, GAPDH 
gene is utilised as an amplifying DNA to undertake PCR study as well as optimisation. 
However, the length is too long to stand straight on gold film, prohibiting the further 
hybridization.  
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Mancuso et al (Mancuso et al. 2013) used KSHV DNA to prove the feasibility of optical 
method based DNA hybridization detection. This virus causes Kaposi's sarcoma, a cancer 
commonly occurring in AIDS patients. And it is one of seven currently known human cancer 
viruses, oroncoviruses. 
 
Based on the information above, we designed two sets of detection probes. The sequence is 
showed in Table 4.4. Probe 1 is 19 mer and probe 2 is 16 mer. The probe 1 is functionalized 
with thiol group on 3 end, while probe 2 is thiolated on 5 end. Probe 1 has the same 16 bp 
oligonucleotides with KSHV DNA to demonstrate the clinical value. Probe 2 is designed for a 
further multiplex DNA detection. Meantime, 5 terminated thiol probes (probe 2) are to be 
compared with the thiolated one on 3 end (probe 1) in regard to probe immobilization for a 
better hybridization event indicator system.  Two probes with two different base pairs are due 
to different thiol group functionalization mechanics as the 5 terminated thiol probes have 6 
carbon chains while 3 terminated one only has 3 carbons. Herein, the extra 3 carbons on 5 
terminated probe 2 were proposed to supplement the 3 shorter base pairs comparing with probe 
1.  In this chapter, all experiments were conducted on probe 1.               
 
Table 4. 4 Sequences of designed oligonucleotides. 
 
Name   sequence 
KSHV probe on 
transducer 
surface 
 5GCCAACGTCATTCCGCAGGATAAAAAAAAAAAAAAA3 
Capture probe-1  5CGTCATTCCGCAGGATAAA3 
Target probe-1  5ATCCTGCGGAATGACGAAA3 
Capture probe-2  5CACGACGTTAAAACGA3 
Target probe-2  5TCGTTTTAACGTCGTG3 
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Probes functionalization with thiol group 
 
The 3-alkanethiol n-base oligomer can be synthesized using standard phosphoramidite 
chemistry with a thiol-modifier C3 S-S CPG solid support. And the modified oligonucleotide 
can be purified by preparative reverse-phase HPLC using an HP ODS hypersil column. 
 
While for the 5-alkanethiol-modified oligonucleotides, 5-Thiol-Modifier C6-phosphoramidite 
is used in a mixture of 200 µL of standard “tetrazole activator solution” to introduce it into the 
cartridge containing the oligonucleotide-CPG. The trityl-oligonucleotide derivative was 
isolated and purified as described for the 3-alkanethiol-oligonucleotides, and AgNO3 solution 
is applied to cleave trityl protecting group, followed by being removed in forms of precipitants. 
Oligonucleotide solution are then transferred onto a desalting NAP-5 column for purification. 
Two major peaks can be observed by ion-exchange HPLC with retention times of 18.5 min 
(thiol peak, 83.2 % by area) and 22.7 min (disulphide peak, 10.0 % by area). 
 
As different ends of oligonucleotides are thiolate, the original oligonucleotides are 
functionalized with different carbon chain lengths.The length is 3 carbons for the 3-alkanethiol 
oligonucleotides while 6 carbons for the 5 terminated thiolated DNA. 
 
For a guaranteed purified sample, all oligonucleotides were obtained from commercial vendor 
(GeneWorks, Australia) with purification by HPLC. 
 
 
4.3.2 Immobilization of probes 
 
Before all immobilization experiments, the gold substrate was cleaned with piranha solution 
(7:3 mixture of H2SO4 and H2O2). Followed by being rinsed thoroughly with Milli-Q water, 
The capture probes (1µM) were prepared at the specified salt concentration (10 mM PBS and 
1M KH2PO4). Then Au substrate was immersed in 1µM capture oligo solution for a certain 
time. After being exposed for a specified time, the gold surface was rinsed with Milli-Q water 
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thoroughly again to remove loosely bound HS-ssDNA. If MCH treatment was required, the 
functionalized Au film would be incubated in 1mM MCH for 1 hour. The mercaptohexanol 
(MCH) was prepared as a 1 mM solution in Milli-Q water. 
 
TCEP pre-treatment 
 
Commercial thiolated DNA are capped by small alkanethiol molecules and typically before 
attaching on gold film the disulphide is cleaved by adding a reducing agent such as Tris (2-
carboxyethyl) phosphine hydrochloride (TCEP) or dithiothereitol (DTT). The thiolated DNA 
purchased from commercial vendor was designed as an instant sample without reducing agent.  
 
However, the diversity of the techniques used in the synthesis, treatment, and purification of 
the single strand DNA offers a significant variation in the purity of the commercial DNA 
samples. Even though the synthesis of thiolated DNA is well established, it is necessary to start 
with high purity DNA for a provable and reproducible result which could be applied for clinical 
use. And according to the principle under synthesis and purification of 5 end terminated 
thiolated DNA which was mentioned above, there tends to be disulphide peak observed in 
HPLC. TCEP was applied because of being odorless, a more powerful reducing agent, more 
hydrophilic, and more resistant to oxidation in air. 
 
Raman spectroscopy was applied to characterize the probes immobilization condition on gold 
film with and without TCEP pre-treatment.  For the TCEP treated DNA, the treatment was 
performed under pH=7.4 (1M PBS) for 30 minutes at room temperature to cleave the disulphide 
bond (10:1 mixture of TCEP and DNA).  
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Figure 4. 9 Raman spectra of 1 µM oligonucleotides on gold film without and with a TCEP 
reducing pre-treatment. 
 
 
Figure 4.9 demonstrates the benefit of TCEP application. The disulphide bond was broken into 
sulphide bonds, followed by the formation of sulphide-gold bond which immobilized capture 
probe on gold film. It is noticed that the broad Raman band around 500-1200 cm-1 is attributed 
to the Au-S stretching mode. The intense peak at 730 cm-1 is assigned to the ring-breathing 
vibration of adenine (Gearheart, Ploehn & Murphy 2001; Kim et al. 1986; Otto et al. 1986) and 
the peak at 660 cm-1 corresponds to the ring-breathing mode of the other purine base, guanine 
(Gearheart, Ploehn & Murphy 2001; Oh, Kim & Suh 1987; Otto et al. 1986). While for the 
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capture probes without TCEP pre-treatment, there is no obvious identification of the A and G 
bases. The disappearance of raman adsorption at 2545 cm-1 and the appearance of an intense 
adsorption at 1050 cm-1 was noticed. It is very interesting to see the spectra at wavemumber 
1200-1700 cm-1 with so many new Raman peaks observed. The disappearance of S-H indicated 
the interaction between sulphur and gold. Aryal et al (Aryal et al. 2006) considered the 
existence of a new band at 1050 cm-1to be a combination of different modes of NH3+vibrations 
into a single mode. Many noises were shown in Raman spectra without TCEP and a base line 
correction is required for the single spectrum for a sharp peak. However, the base line 
correction has been done by Raman software for a comparison and an extra correction will 
eliminate the tiny difference between these two states.  
 
TCEP was introduced for a reducing agent and all of the non-thiolated oligonucleotides were 
considered as impurities. A purification step is normally followed to remove the reducing agent 
and cleaved thiol compounds. This is faithfully followed by most groups, however, there is no 
report found to understand the effect of this reducing reaction. Zhang (Zhang 2007) recently 
reported that the purification step was unnecessary under low pH (3) condition when the 
thiolated oligonucleotides were attached on AuNPs. Even with a negative charge which 
repelled the DNA, a similar adsorption was observed on 13nm and 15 nm AuNPs.  
 
It is interesting to identify this on the flat gold surface for a rapid immobilization. The NAP-
25 column was introduced to remove TCEP and cleave the small thiol compounds, previously. 
While for the reducing process without TCEP and thiol group removal, the reducing process 
introduces small thiol compounds which diffuse faster than DNA. Competing with DNA for 
gold film attachment, the cleaved small compounds are likely to reach gold surface earlier than 
DNA. However, Figure 4.10 shows the existence of the guanine and adenine in the Raman 
spectroscopy. And the blurry Au-S representative peak was observed as well.  
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Figure 4. 10 Raman spectra of 1 µM oligonucleotides on gold film without removing TCEP. 
 
 
The packing and orientation of chains within SAMs have been studied on surfaces of gold 
(Folkers, Laibinis & Whitesides 1992; Karpovich & Blanchard 1994). It has been shown that 
for the classical SAM structure of Au (111)√3√3R30°-CH3(CH2)nSH, the SAM over-layer 
forms a hexagonal 2D lattice with the lattice constant of 0.7065 nm, resulting in a 21.7 
Å2/molecule area per chain. Even on the Au (110) surface with a rectangular unit lattice (2.88 
× 4.07 A ̊), the larger area per chain is 23.6 Å2 / molecule. Therefore, the probe density is capable 
of being 4 × 1014 molecules / cm2. Since the typical probe density is below 1013 molecules / 
cm2, there should be sufficient space to accommodate the short thiol chains produced from the 
reduction. Meantime, TCEP itself does not adsorb to gold surface, as reported by Georgiadis, 
Peterlinz & Peterson (Georgiadis, Peterlinz & Peterson 2000). A further quantitative 
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characterization is still required to monitor the adsorption rate and capacity for a better 
understanding of the thiol fragments effect on DNA adsorption kinetics or capacity.   
 
4.3.3 Exposure time 
 
Regarding the DNA adsorption kinetics, the probe immobilization is the rate limiting step in 
the whole SAMs built on gold surface as the exposure to capture probe in solution phase is 
normally conducted overnight for a secure attachment.  
 
Figure 4.11 shows the Raman spectroscopy schematic of the 1 µM oligonucleotides on gold 
film under 1 and 12 hours exposure time. The gold substrate immersed in capture probe 
solution for overnight (12 h) has a more active Raman spectroscopy reflection. The Au-S bond 
at 250 cm-1, ring-breathing vibration of Guanine at 660 cm-1, and Adenine at 730 cm-1 all 
correspond to clear peak. However, for the rapid functionalized one with only 1 hour soak, 
there is no obvious ring-breathing mode of Adenine at 730 cm-1, and the broad peak at 250 cm-
1 splits into two small peaks. This result is in agreement with the weak peak at 2550 cm-1 that 
attributes to the stretching mode of S-H bond. Since the Raman characterization was performed 
on the flat gold surface lacking of hotspots, the signal is not as strong as surface enhancement 
Raman spectroscopy (SERS). The Raman spectroscopic results only bring us a rough 
impression on the effect of exposure time that the immobilization of probes increases over the 
exposure time.  
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Figure 4. 11 Raman spectra of 1µM oligonucleotides on gold film under 1 and 12 hours 
exposure time. 
 
 
X-ray photoelectron spectroscopy 
 
This result was further confirmed by the data collected from X-ray photoelectron spectroscopy. 
The SH-ssDNA used here is around 10 nm thick and XPS was introduced to provide 
information on the elemental contents and chemical bonding states at the surface region of the 
sample. 
 
XPS analysis was performed at the Centre for Materials and Surface Science (CMSS), LaTrobe 
University, Melbourne, Australia. The substrates with gold surface were first mounted on the 
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sample stud using adhesive conductive carbon tape, followed by being stored in a desiccator in 
a sample bag before the XPS measurements. A Kratos Nova imaging XPS spectrometer with 
an Al Kα energy source at 1486.6 eV were used for the scans. All XPS spectra were calibrated 
by calibrating the charge against the hydrocarbon C1s peak at 285.0 eV as a reference.  
 
Figure 4.12 shows the wide energy range of the XPS spectrum of Au surface without and with 
oligonucleotides. The main peaks observed are for C, N, O, and P, indicating that these 
elements exist on the DNA/Au surface. The best evidence that DNA has indeed been 
immobilized onto the gold surface is the presence of the N and P peak. However, N peak was 
also observed on control sample (bare gold) but the reason for this has not yet been figured out 
the, so the P peak is the first option.  
 
 
 
Figure 4. 12 Wide view XPS spectra of Au surface without oligonucletides (left) and with 
oligonucleotides (right). 
 
 
Two states of N1s were subtracted by N1s background. And the raw signal (actual intensity) 
was fitted into envelope background N signal, which helped us to optimize the parameters 
(exposure time, ionic strength and MCH pre-treatment) for probe immobilization. Figure 4.13 
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reports the XPS spectra related to the nitrogen atoms of oligonucleotides, showing two different 
peaks attributable to the amino group and the nitrogen atoms of the purine skeleton. 
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Figure 4. 13 High-resolution XPS spectra for the N element in a thiolated oligonucleotides 
film (1 mM 3 terminate thiolated probe 1 immobilized overnight in 1 M PBS). The overall 
fitted spectra are reported as a pink line; the XPS peaks of the amino group and the purine 
skeleton are shown with blue and green lines, respectively. 
 
 
Together with Raman spectroscopy, XPS supplies the elemental information for a time-
dependant study (Figure 4.14). The N1s has a more intense peak with the time increases in 
either high salt concentration (1 M PBS) or a low ionic strength solution (10 mM PBS), which 
is in agreement with Raman results. The coverage density of oligonucleotides immersed for 1 
hour is nearly half of that for overnight (12 hours). And this trend is in accordance with that of 
79 
 
P2p data obtained in different salt concentrations. However, the XPS spectra are not capable 
of offering anyin-situ information of the probe density vs. time.  
 
 
 
Figure 4. 14 XPS measurements for N1s and P2p of oligonucleotides film immobilized on 
gold surface for different time. 
 
 
4.3.4 Ionic strength 
 
The role of buffer concentration (in our experiment, PBS) and its influence on immobilization 
of HS-ssDNA on gold were also explored. Figure 4.15 shows XPS N1s and P2p data obtained 
from samples immersed in 1.0 µM HS-ssDNA solution, prepared either in 1.0 M PBS or in 10 
mM PBS buffer. As HS-ssDNA is a negatively charged molecule with 25 ionizable phosphate 
groups, the ionic strength in determining surface coverage of DNA is very important. The 
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intermolecular electrostatic repulsion between neighbouring strands of DNA is postulated to 
be minimized under the high ionic strength conditions, as the charged strands are better 
electrostatically shielded, thus allowing for higher surface coverages of HS-ssDNA.  
 
 
 
Figure 4. 15 XPS measurements for N and P elements of oligonucleotides film immobilized 
on gold surface in different salt concentration. 
 
 
4.4  Hybridization 
 
By varying the exposure time and ionic strength, the capture probes were immobilized on gold 
surface. The interaction between immobilized ssDNA and the complementary target 
oligonucleotides in solution plays the most important role in binding event recognition. 
Therefore, it is imperative to have an insight of the important factors impacting the 
hybridization efficiency. 
 
4.4.1 Hybridization in solution phase 
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The hybridization was first conducted in solution phase. Each of 10 µL probes 1 and 2, prepared 
in 0.1 mM, were mixed for 1 hour hybridization in room temperature. Samples were 
electrophoresed (90v, 30 mins) in 1% agarose gel (Bio-rad, USA) with 1X Gelstar (Lonza, 
USA) stained in Tris-borate-EDTA (TBE) buffer and then visualized under UV light (LAS-
4000, GE, USA). Figure 4.16illustrates the results of the gel electrophoresis. The lanes 5-6 and 
7-8 show the 16 nt oligonucleotides which are smaller than 20 bp, running a lower stain. While 
for the mixture of the two complementary oligonucleotides, lanes 1-4 have a clear stain 
between 20 and 40 bp, demonstrating a successful and rapid hybridization product in solution 
phase. 
 
 
 
Figure 4. 16 Gel electrophorosis results of probe 1 (lane5,6), probe 2 (lane 7,8) and their 
mixture (lane 1-4). Probe 1: 5SH(CH2)6CACGACGTTAAAACGA3 (16 nt), porbe 2 is 
complementary to probe 1: 5SH(CH2)6TCGTTTTAACGTCGTG3 (16 nt). 
 
4.4.2 MCH pre-treatment 
 
Binding event between the samples and the highly packed HS-ssDNA was characterized by 
immersing the sample to its complementary oligonucleotides in QCM experiments. No signal 
from the frequency was collected, indicating that binding event did not exist. The hybridization 
event on gold surface was prohibited due to steric hindrance. The capture probes on the surface 
are so tightly packed that the target oligonucleotides cannot get access to. In addition, the 
M 1    2    3     4    5    6     7    8     
20 bp 
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negatively charged phosphate groups repel similarly charged complements, resulting the 
surface bound SH-ssDNA unapproachable for a further binding.  
 
The postulation that thiolated single strand DNAs interact with the gold surface through not 
only the sulphur atom but also the N atom is not surprising, given that non-SH ssDNA were 
attached on gold film through N-containing bases. Herne and Tarlov (Herne & Tarlov 1997) 
introduced a thiol spacer-6-mercapto-1-hexanol (MCH) to form a two-component DNA/MCH 
monolayer on gold surface for better DNA coverage control.  The phosphate backbone does 
not have interaction with the surface after the introduction of the MCH, resulting in a vertical 
immobilization on gold surface. MCH has a length of 6-carbon chain which is the same length 
as the methylene group spacer in 5 end terminated HS-ssDNA, thus not interfering with the 
binding event of surface-bound DNA. However, the methylene group space is only 3-carbon 
chain for 3 end terminated HS-ssDNA, leading to a possibility of inhibiting the hybridization.  
 
MCH was applied on the surface bound SH-ssDNA through a two-step process. Clean bare 
gold was firstly immersed in a 1 μM HS-ssDNA solution, prepared in 1 M KH2PO4, followed 
by rinsing thoroughly with Millipore-grade water. Then the substrate with capture probe was 
placed in a solution of 1 mM MCH prepared in 1 M phosphate buffer for 1 h.  
 
Figure 4.17 shows the XPS measurements for N and P elements of oligonucleotides film 
immobilized on gold surface with or without MCH treatment. The N 1s and P 2p peaks obtained 
from the HS-ssDNA film are less intense than that observed before immerse in MCH solution, 
demonstrating that the amount of HS-ssDNA has been removed or displaced from the surface. 
It was noticed that there is no obvious difference of surface-bound HS-ssDNA after being 
removed or displaced by MCH treatment either in 1 M or 10 mM PBS. This proves that the 
high ionic strength helps shield the electrostatic between neighbouring SH-ssDNA, leading to 
a non-specific adsorption acceleration which is useless for a higher hybridization efficiency.  
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Figure 4. 17 XPS measurements for N and P elements of oligonucleotides film immobilized 
on gold surface with or without MCH treatment.. 
 
 
However, it is of great importance to take advantage of the high salt concentration rather than 
low one as the high ionic strength helps form a rapid Au-S based monolayer on gold surface.  
The normalized P 2p peak areas plotted as a function of time in the HS-ssDNA solution with 
and without MCH pre-treatment are shown in Figure 4.17.  We postulate that at the first stage 
of immobilization, the oligonucleotides were attached on the gold surface evenly. After an 
incubation longer than 4 hours, some excess probes tended to occupy the footprint space of the 
oligonucleotides, followed by being removed or displaced by MCH competitive interaction 
with the gold surface. For the immobilization shorter than 2 hours, there still exist some 
vacancies needed to be occupied by oligonucleotides. Thus the optimized immobilization time 
is in the range between 2 and 4 hours.  
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Figure 4. 18 Normalized P 2p peak areas plotted as a function of probe immobilization time. 
 
 
4.4.3 In-situ characterization through QCM 
 
The QCM method has been applied by several groups to detect the DNA hybridization reaction 
because of great sensitivity as a mass sensor capable of sub-nanogram mass changes. Even 
though the result can be affected by various factors for accurate surface density measurement 
due to an inherent mechanism. This weak point of the QCM measurement was compensated 
for as we adopted the XPS method. 
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Q-Sense Inc. developed a novel QCM technique called QCM-D, which is able to monitor 
frequency (F) and dissipation (D) changes at surfaces simultaneously. Where F indicates mass 
changes occurred at surfaces while D suggests conformational variations of surface-confined 
species. 
 
Herein we described the experimental methods for characterizing thiolated oligonucleotides 
immobilization on gold surface and its hybridization with the complementary and non-
complementary target DNAs.  
 
4.4.3.1 Materials and methods 
 
Chemicals 
 
6-mercapto-1-hexanol (MCH), probe 1 and target probe 1 (sequences are given in Table 4.4), 
H2O2, ammonia, 1M sodium phosphate buffer solution (pH= 7.0), RCA cleaning solution 
( H2O2:NH3•H2O:H2O=1:1:5 ) were sourced from Sigma Aldrich. 
 
QCM crystals and instrumentation 
 
The QCM crystals used were 5-MHz AT-cut crystals (Q-sense Inc., Sweden). The quartz 
crystal was placed onto a QCM cell, and more than 10 mL buffer solution was pumped. The 
temperature for experimental setup is set to above 22 °C. And only one gold-coated side of the 
quartz disk was in contact with the solution in the cell. 
 
The measured frequency change in QCM experiments, ΔF (Hz), is related to the mass change 
by adsorption, Δm (g), on the quartz crystal by the Sauerbrey equation, 
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ΔF= - 2F0
2Δm
𝐴𝐴�𝜇𝜇𝑞𝑞×𝜌𝜌𝑞𝑞                                                                                                                            (1) 
 
where F0 is the fundamental frequency of the QCM, which is 5 MHz. A is the electrode area 
(1cm2 for 14 mm in diameter), 𝜇𝜇𝑞𝑞 is the shear modulus of quartz (2.947×1011 g·cm−1·s−2), and 
𝜌𝜌𝑞𝑞 is the density of quartz (2.648 g·cm3). The frequency change of 1 Hz corresponds to a mass 
change of 25.65 ng. 
 
Procedures of immobilization and hybridization 
 
In our experiments, QCM gold electrodes were extensively cleaned and modified with both 
DNA and MCH as described above. A bare Au electrode on a quartz crystal was cleaned with 
RCA cleaning solution. After being rinsed thoroughly with MilliQ water, the quartz crystal was 
placed on the QCM cell, followed by introduction of buffer solution and the temperature was 
set to 22°C. Probe solution with a concentration of 10 µM in 1 M sodium phosphate buffer 
solution (pH=7.0) was injected once the baseline was stable. According to Herne and Tarlov 
(Herne & Tarlov 1997), 1 mM 6-mercapto-1-hexanol (MCH) was introduced to get rid of 
nonspecific adsorption of target DNA and help increase the hybridization efficiency. The 
frequency decrease was monitored until the value reached equilibrium. During hybridization, more than 2 mL aliquots of target DNA solutions (10 μM in 1M sodium phosphate buffer 
solution, pH=7.0) were injected to the flow cell, and then F and D were simultaneously 
monitored. 1 M sodium phosphate buffer solution was introduced after every step for rinsing. 
 
4.4.3.2 Results and discussion 
 
Direct monitoring of DNA immobilization and hybridization 
 
QCM was utilized for in-situ monitoring and quantification of immobilized probe 
oligonucleotides on Au surface (capture probe immobilization) and subsequent hybridization 
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with target oligonucleotide (target probe detection). Figure 4.19 demonstrates a typical time 
course of frequency change upon the introduction of capture probe, MCH and target probe. 
Turing points in the figure demonstrate the times when the new solutions were injected. 
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Figure 4. 19 QCM sensor grams for hybridization of SH-ssDNA monolayers. 
 
 
When the capture probe was injected into cells, it was observed there was 20 Hz drop of the 
frequency. Considering the Sauerbrey equation and the sensitivity is 25.65 ng/ Hz, the probe 
density was calculated to be 4.9 ×1013 molecules/ cm2. The first drop of frequency occurs at 
the moment of adsorption of thiolated probe, and then there is a slow rearrangement, which is 
demonstrated in dissipation curve. 
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Then the frequency decreased responding to the MCH introduction. Normally, MCH was 
employed because it is known to reduce  nonspecific adsorption of target DNA and get rid of 
the unstable capture probe. There was a 10 Hz frequency drop which is the additional 
adsorption of MCH. However, the frequency returned to the value where MCH has not been 
injected. The curve was even flattened after the rinsing solution was added, which means the 
MCH did not attach on Au surface steadily.  
 
Finally, the target probe was injected and the frequency dropped immediately, indicating an 
effective hybridization between capture and target probes. After rinsing the crystal sensor, the 
value was stabilized at 10 Hz drop. Assuming that the Sauerbrey equation was followed, 
additional mass increase was 2.0 ×1013 molecules/ cm2 and therefore it was estimated that 40 % 
of probe molecules participated in the binding event. 
 
The surface coverage of close-packed single strand DNA can be simply estimated as 6×1013 
to 9×1013 molecules/ cm2 according to the  assumption of 0.6 to 0.7 nm of cross-sectional 
radius of each ss-DNA chain, which tends to be overestimated because of electrostatic 
repulsion and steric hindrance effects ignoring (Cho et al. 2004).   
 
Direct monitoring of specific hybridization  
 
Specific binding event was conducted for a potential clinical application. As E4 is a 4 channel 
QCM device, three cells were injected into non-complementary DNA once the capture probe 
was attached on Au surface. The pink line in Figure 4.20 demonstrates the frequency drop 
when complementary one was introduced. For the non-complementary target, a drop (1 Hz) 
was barely observed, while a drop of 10 Hz occurred for complementary target. This result 
shows a high signal-nose ratio for a future DNA detection with electrochemical method. 
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Figure 4. 20 QCM sensor grams for Specific adsorption of SH-ssDNA and non-
complementary SH-ssDNA. 
 
 
Direct monitoring of MCH effect on hybridization 
 
According to Herne and Tarlov (1997), 1 mM 6-mercapto-1-hexanol (MCH) was introduced 
to get rid of nonspecific adsorption of target DNA and help increase the hybridization 
efficiency. However, for our experiment, the introduction of MCH only increased the time of 
experiment and step to rinse with buffer solution.  
 
Figure 4.21 demonstrates the result for hybridization without MCH pre-treatment for 
complementary and non-complementary target DNAs. When the capture probe was injected 
into cell, the frequency drop of 30 Hz was observed. After being rinsed with buffer solution, 
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the target DNA was introduced directly without any additional MCH pre-treatment. The 
frequency of complementary one has a drop of 12 Hz, indicating that 40 % probes were 
hybridized, while a drop of 30 Hz remained for the non-complementary one. 
 
0 20 40 60 80 100 120 140 160
-50
-45
-40
-35
-30
-25
-20
-15
-10
-5
0
5
Fr
eq
ue
nc
y 
/ H
Z
Time / mins
 Complementary (F1:7)
 Complementary (F2:7)
 Non-com (F4:7)
 
 
Figure 4. 21 QCM sensor grams for hybridization of SH-ssDNA without MCH pre-treatment 
(capture and target probe in 10 µM concentration). 
 
 
Herne and Tarlov (1997) first applied MCH for a spacer in SAMs of thiolated oligonucleotides. 
The probe concentration of the probe ranging from 0.5-1 µM was applied. A high concentration 
of probes has not been reported. Herein, we applied the 10 µM concentration for a binding 
event. And the result demonstrates that for a high concentration of capture and target probes 
(10 µM), MCH is not necessary. 
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4.5 Conclusion 
 
In this chapter, we built up the self-assembled monolayer on microchips for a potential 
integration with DNA amplification. Gold film was introduced by e-beam evaporator for a 
further electrochemical characterization. The plasma was used to modify polycarbonate surface 
and 5 nm Cr was deposited first as an adhesion layer, followed by a layer of 50 nm gold film.  
 
We have shown that thiol-derivatized and single stranded DNA probes on Au surfaces have 
ability of hybridization with complementary DNAs. Capture probes immobilized on Au surface 
were complementary to target probes, supplying a potential disease diagnostic value. 
Oligonucleotides were functionalized with thiol group, thus thiol / Au chemistry is the base for 
probes immobilization. According to these experiments and results, it was conclude that 
controlling the surface coverage of DNA is a key step for efficient DNA hybridization. For a 
better attachment, exposure time and ionic strength were optimized. 
 
MCH was of great importance for further improvement in hybridization efficiency as a pre-
treatment to control the probe density of the capture oligonucleotides in low concentration, 
which has been proved through XPS experiment. However, for a higher concentration, there is 
still no report about the application of MCH. Our QCM experiment shows that MCH is not 
necessary for the probes concentration up to 10 µM. And the probe coverage density is 
calculated 4.9 ×1013 molecules / cm2 and 40 % hybridization was achieved with a high signal-
noise ratio for a potential electrochemical detection. This result demonstrates that the DNA 
immobilization was quantitatively carried out. Meantime, the DNA immobilization influences 
the detection rate with AuNPs. In details, high concentration probe supplies a fast SAMs 
formation, which is going to be demonstrated in next chapter. 
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Chapter 5. AuNPs labelled SAMs on PCR chips 
 
5.1  Introduction 
 
With most detection techniques, the main limitation factor in developing DNA sensors is the 
sensitivity. To detect the viral infection at the attomolar (10-18 M) level, increasing the amount 
of the sample and amplifying sample signal are normally conducted at the same time. While 
for our project, PCR has been applied to increase the signal of DNA for a potential integration 
with detection.  
 
While for determining the signal of the SAMs on gold film, probe density and hybridization 
efficiency play a crucial role, followed by the recognition of binding event. The optimization 
of the surface coverage and hybridization efficiency has been addressed in previous chapter. 
Herein, AuNPs were introduced by featuring a specific binding with the target analytes and 
transducer for signalling itself. 
 
The AuNPs were functionalized with designated oligonucleotides through “salt-aging” method 
(Mirkin 1996). The gold nano-conjugates (DNA-AuNPs) consist of a gold nanoparticle core 
where a dense shell of oligonucleotides are anchored on through Au-S bond. Fluorescence 
spectrometer was used to quantify the fluorescence labelled target DNAs on AuNP (Demers et 
al. 2000; Hartwich et al. 1999). 
 
In this chapter, the binding properties of DNA-AuNPs were applied to bind complementary 
nucleic acids on transducer surface with a high affinity (Bao et al. 2005), resulting in DNAs 
being labelled on AuNPs which can be attached on PCR chip for a potential signal 
amplification. The distribution of AuNPs on gold film was characterized with SEM for a further 
optimization of the capture probe density and hybridization efficiency.  
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To fulfil the clinical value of the DNA sensor, SAMs with 3 components were introduced for 
a direct detection. 
 
5.2  Functionalization of AuNPs by target probe 
 
Figure 5.1 illustrates the two-components AuNPs based SAMs signal detection system on 
microchips. The AuNPs is functionalized by thiolated oligonucleotides, offering the 
recognition property related to the optical and electric behaviours of AuNPs.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
 
 
 
Figure 5. 1 Schematic of AuNPs based SAMs on gold film (Tokareva & Hutter 2004). 
 
 
Attaching thiolated oligonucletides to AuNPs to achieve a stable conjugate is the first step for 
all downstream applications. Similar to probe immobilization on gold film, this 
functionalization is based on thiol/gold chemistry.  However, it turns out to be not very 
straightforward since the two components are both negatively charged. Mirkin et al and 
Storhoff (Mirkin et al. 1996; Storhoff 1998) reported one salt-aging method to shield the 
charged strands and nanoparticles electrostatically.  
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20 µL of 0.1 µM oligonucleotides with 3’ alkylthiol groups (capture probes) were added to 5 
mL solutions of gold nanoparticles solution (10 nm in diameter, 1 OD) to a final 
oligonucleotide concentration of 3 µM and allowed to react overnight. Then 0.1 M phosphate 
buffer solution (PBS) was applied and again given 40 h for “salt-aging”. Excess reagents were 
then removed by centrifugation for 60 min at 13 500 rpm. Following removal of the supernatant, 
the red oily precipitate was washed twice with 0.3 M NaCl, 10 mM phosphate buffer (pH=7) 
solution and then finally redispersed in fresh 0.3MPBS. Invariably, a small amount (around 20-
30% as determined by UV-visible spectroscopy) of the nanoparticles is discarded with the 
supernatant during the washing procedure. Table 5.1 shows the sequences of the 
oligonucleotides. 
 
 
Table 5. 1 Sequences of designed oligonucleotides 
 
Name   sequence 
Capture probe-1  5CGTCATTCCGCAGGATAAA3 
Target probe-1 
Non-complementary 
 
5ATCCTGCGGAATGACGAAA3 
AAAGCTTCATAAGGCAGTA 
Capture probe-2  5CACGACGTTAAAACGA3 
Target probe-2  5TCGTTTTAACGTCGTG3 
 
 
Figure 5.2 shows the UV-visual spectra of the AuNPs before and after the attachment of 
oligonucleotides.  A small shift was observed for the 10 nm AuNPs after the oligonucleotide 
attachment (λm 522 to λm 524 for the conjugates). 
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Figure 5. 2 UV-vis spectra of bare AuNPs and AuNPs functionalized with oligonucleotides. 
 
 
By measuring the UV−visible absorbance of nanoparticle solutions at the surface plasmon 
frequency (520 nm), molar extinction coefficient (ε at 520 nm) was calculated for the particles, 
which is typically 6.3 × 108 M-1 cm-1 for 10 nm diameter particles. According to Figure 5.2, 
around 20-30% of AuNPs was lost during re-suspension of the AuNPs into a higher 
concentration of phosphate buffer solution and this is in agreement with Figure 5.3.  AuNPs in 
diameter of 10 nm are not able to be precipitated completely and there is still around 20 % in 
solution state. Image shown in Figure 5.3 A (a) is the centrifugal solution which is in a colour 
a little bit of pink, demonstrating the presence of AuNPs. Meantime, we explored the stability 
of the conjugates in 0.3 M phosphate buffer solution. The aggregation of bare gold 
nanoparticles was observed due to the sensitivity to high ionic strength, while the 
96 
 
functionalized AuNPs remained stable with their specific dark-red colour. Normally, the 
conjugate is capable of being clear for as long as one month in 4 °C stock.   
 
 
 
Figure 5. 3 Images of A: (a) Centrifugal solution (PBS, NaCl); (b) conjugation of AuNPs 
with Oligos. B: in 0.3 M PBS (a) AuNPs-Oligos; (b) Bare AuNPs (AuNPs aggregation). 
 
 
As the optical and electronic properties of AuNPs strongly depend on geometrical features, the 
AuNPs can be characterised by TEM for selecting. This procedure is not required for our 
system as the AuNPs were purchased from commercial company with a stable character. The 
conjugated particles can also be characterized through transmission electron microscopy 
(TEM). The AuNPs and the conjugates were diluted by the same factor and dispersed on copper 
grid. All the TEM detection was conducted on Jeol 2100. Figure 5.4 shows the TEM images 
of bare gold and AuNPs functionalized with SH-ssDNA. It is noticed that both the samples are 
well dispersed, especially for the oligonucleotides anchored gold nanoparticles. The better 
disperse introduces more stabilization of the functionalized AuNPs. The distance between 
neighbouring particles illuminating 3 nm is not surprising; given the SH-ssDNA is 19 nt in 
length. We expected to use the nanovan (vanadium negative stain) to demonstrate the 
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morphology of the thiolated oligonucleotides attached on AuNPs although the stain of the 
ssDNA is not quite clear.    
 
\ 
 
Figure 5. 4 TEM images of A: AuNPs; B: AuNPs-oligonucleotides; C:AuNPs-
oligonucleotides (vanadium negative stain). 
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5.3  AuNPs labelled SAMs on gold film 
 
The capture probe immobilization on gold film is the same as that used in Chapter 4 (table 4.4): 
fresh and clean gold surfaces were incubated in 1 µM Probe 1 (prepared in 1 M KH2PO4) for a 
specific time which is referred as exposure time. Then MCH (prepared in 1 mM, immersed for 
1 hour) pre-treatment was applied, followed by a period of incubation in AuNPs labelled target 
oligonucleotides solution. 
 
5.3.1 Specific adsorption of DNA-AuNPs 
  
In Chapter 4, target probe was dropped on capture probe anchored Au surface without any label. 
Therefore, XPS or QCM experiments were conducted for the characterization of probe density 
and hybridization efficiency. Herein, AuNPs were functionalized with different target 
oligonucleotides (one is complementary to the capture probe on gold film, while the other one 
is non-complementary) for a label. Image J was applied for calculating the number of gold 
nanoparticles. At least three areas were taken on one chip, followed by an average value 
calculation.  
 
Au film was incubated in different oligonucleotide functionalized ANPs solution for a certain 
time which is refereed as exposure (hybridization) time. Figure 5.5 demonstrates the 
distribution of the AuNPs on gold film. It is obvious that Figure 5.5A has more particles 
deposited due to the hybridization between the capture probes and probes anchored on AuNPs. 
There is still a small amount of AuNPs on Au film in Figure 5.5B, however, the non-specific 
adsorption is negligible compared with hybridization event. 
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Figure 5. 5  SEM images of AuNPs functionalized with complementary (A) and non-
complementary (B) target oligonucleotides on Au film. 
 
 
Another experiment to demonstrate the specific adsorption of complementary target 
oligonucleotides functionalized AuNPs is “half-half pattern reflection”. The gold thin film was 
dropped off two different target oligonucleotides (complementary for top part and non-
complementary for bottom part) after capture oligonucleotides were immobilized. As shown 
in Figure 5.6, there were no obvious optical reflection changes for the area that non-
complementary attached gold nanoparticles were dropped on. A dark red colour change was 
observed on the complementary part as the layer of gold nanoparticles became denser when 
incubation (hybridization) time was increased. These images provide useful visual information 
of the binding event. 
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Figure 5. 6 Half-half pattern reflection of gold nanoparticles which are functionalized with 
oligonucleotides for different hybridization time (1 hour, 2 hours, 4 hours, and 12 hours, 
respectively). 
 
 
5.3.2 Exposure time 
 
It has been observed that the hybridization increased with time in Figure 5.6. However, for a 
potential clinical detection of infectious diseases, the hybridization efficiency is of great 
importance because less time consumed during high percentage of hybridization leads to a fast 
and reliable detection. 
 
For the QCM experiment conducted without gold nanoparticles as the labels, the hybridization 
is an instant event, which has been proved in Figure 4.19. While for AuNPs labelled 
oligonucleotides, a certain time is required as the steric hindrance increases sharply when 
AuNPs are introduced in SAMs. SEM images of AuNPs attached on gold film through 
complementary oligonucleotides under different hybridization time were demonstrated in 
Figure 5.7. 
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Figure 5. 7 SEM images of AuNPs attached on gold film through complementary 
oligonucleotides under different hybridization time: (A) 30 mins; (B) 2 hours; (C) 12 hours. 
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The capture probe anchored Au surface was incubated in 1 µM Probe 1 (prepared in 1 M 
sodium phosphate solution, pH=7) for 30 mins, 2 hours and 12 hours, respectively. There is no 
difference in a visual level between samples shown in Figure 5.7 A and 5.7 B. While for 5.7 C, 
the gold nanoparticles became clusters after a long immerse time due to aggregation. To acquire 
more detailed information, image J was used to calculate the number of the AuNPs deposited 
on Au film and the result was shown in Figure 5.8. The AuNPs on gold film reached to 1.86 ×1011 molecules / cm2. With time increase, the number of gold nanoparticles had no obvious 
further deposition on gold film, indicating that a saturated situation has been achieved in half 
an hour. And for the longer exposure time, a twining between AuNPs labelled target DNA was 
expected to an increase deposition of the metal particle, which explained the cluster formation 
of AuNPs. On the other side, higher ionic strength reduced the electrostatic effect when Au 
surface was incubated in 1 M phosphate buffer solution. The cluster was caused by coagulation. 
This phenomenon is of help to increase the signal of gold nanoparticles, while the real 
hybridization situation is not capable of being reflected.   
 
 
Figure 5. 8 Quantitation of AuNPs attached on gold film through complementary 
oligonucleotides under different hybridization time: 30 mins, 2 hours and 12 hours, 
respectively. 
103 
 
5.3.3 Ionic strength 
 
In working with the oligonucleotides functionalized AuNPs, it was observed that a salt aging 
step was crucial in obtaining stable AuNPs solution. The AuNPs modified with 
oligonucleotides resisted aggregation even in a high ionic strength solution (up to 1 M NaCl). 
Demers et al (Demers et al. 2000) proposed that the increased stability is because of higher 
oligonucleotides surface coverage shields steric and electrostatic issues. 
 
Herein, different concentrations of phosphate buffer solution were applied for a further 
characterization of the AuNPs deposition on Au film. The capture probe immobilized Au 
surface (pre-treated with MCH for 1 hour) was incubated in 10 mM, 100 mM and 1M sodium 
phosphate buffer solution. Figure 5.9 shows the SEM images of the AuNPs deposited on Au 
surface. It is obvious that a higher ionic strength leads to a higher saturated AuNPs deposition. 
Meanwhile, it was also noticed that a higher ionic strength solution leads to aggregation of gold 
nanoparticles (cluster of AuNPs). For more detailed information, ImageJ was used to calculate 
the number of the AuNPs deposited on Au film. The result was showed in Figure 5.10. The 
AuNPs on gold film reached to 1.81 ×1011 molecules / cm2 in 1 M sodium phosphate solution. 
This result is in agreement with QCM result conducted in Chapter 4 where a relatively tiny 
drop of frequency was observed when 1 M sodium phosphate solution was changed into 10 
mM solution (5 Hz compared to 25 Hz for 1 M).  
 
104 
 
 
 
 
 
Figure 5. 9 SEM images of AuNPs attached on gold film through hybridization with: (A) 
10mM; (B) 100 mM; (C) 1 M target DNA. 
105 
 
 
 
 
 
 
5.3.4 Probe concentration 
 
In Chapter 4, QCM results also indicated that probe concentration has a crucial impact on probe 
density, hybridization efficiency. And a higher probe concentration (10 µM) even eliminates 
the MCH pre-treatment step. Herein, it is our interest to characterize AuNPs on gold surface of 
different probe concentrations. For QCM experiment, the probe was immobilized on crystal 
sensor which is flat, while for gold nanoparticles, a spherical surface is not capable of being 
detected through mass change in QCM. Demers et al (Demers et al. 2000) reported a method 
to calculate the number of probes with fluorophore as the label.  
 
Table 5.2 demonstrate the sequences of modified oligonucleotides.  For the functionalization 
of AuNPs, mercaptoethanol (ME) was added (final concentration 12 mM) to fluorophore-
labelled oligonucleotide-modified nanoparticles in 0.3 M PBS. After overnight (18 h) settling 
Figure 5. 10 Quantitation of AuNPs deposited on gold under different phosphate buffer 
solutions: (A) 10 mM, (B) 100 mM and (C) 1 M. 
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at room temperature with enough mixing, the solution was centrifuged to get rid of AuNPs. 0.3 
M PBS (pH=7) was added to dilute supernatant by 2-fold . Ionic strength and pH of the sample 
were carefully controlled to be the same for all measurements. The fluorescence maximums 
(measured at 520 nm) were converted to molar concentrations of the fluorescein-alkanethiol-
modified oligonucleotide by interpolation from a standard calibration curve. Standard curves 
were prepared with known concentrations of fluorophore-labelled oligonucleotides using 
identical buffer pH, salt, and mercaptoethanol concentrations. Finally, the average number of 
oligonucleotides per particle was obtained by dividing the measured oligonucleotide molar 
concentration by the original Au nanoparticle concentration. Normalized unit coverage values 
(number of AuNPs per gold nanoparticle) were then calculated by dividing by particle 
concentration (Demers et al. 2000). 
 
 
Table 5. 2 Sequences of Modified Oligonucleotides 
 
probe   Sequence (5’-3’) 
Capture   SH(CH2)6CGTCATTCCGCAGGATAAA-FAM 
 
 
Figure 5.11 shows the fluorescence intensity of 10 mM and 1 M FAM labelled oligonucleotides 
immobilized on AuNPs. The higher concentration of oligonucleotides has an obvious 
advantageous fluorescence density over 10 mM probe. The maximum at 520 nm is 17.5 a.u. 
However, the Au surface plasmon band is at 520 nm itself, which leads to a drop of the emission 
maximum of fluorescein. Actually, the fluorescence signal of labelled DNA is quenched as a 
result of fluorescence resonance energy transfer (FRET) to the Au nanoparticle (Daniel & 
Astruc 2004). And there is almost no measureable signal for fluorescein-modified 
oligonucleotides. Meanwhile, from Figure 5.2, it is noticed that Au nanoparticles absorb a 
significant amount of light between 200 and 540 nm as the presence of AuNPs diminishes the 
available excitation energy and the intensity of emitted radiation. Therefore, the 
oligonucleotides were desorbed from the Au surface and gold nanoparticles were removed 
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through precipitation by centrifugation. ME was used to rapidly displace the surface-bound 
oligonucleotides via exchange reaction (Demers et al. 2000). 
 
The average oligonucleotide unit coverage of thiolated 15 mer oligonucleotide on 10 nm Au 
nanoparticles was roughly 70 SH-ssDNA for 1 M probe. To verify this method, fluorophore-
labelled oligonucleotides were removed from gold film. The similar process was conducted on 
Au surface, the coverage of oligonucleotides on gold film was calculated to be lower (15 pmol/ 
cm2) than we observed from QCM experiment (49 pmol/cm2). Differences in surface coverage 
are expected due to different film preparation methods as our gold electrode is not capable of 
being crystal sensor level which is sensitive to 0.5 ng mass change. 
 
 
 
Figure 5. 11 Fluorescence intensity of FAM labelled oligonucleotides removed from AuNPs. 
 
Figure 5.12 shows the SEM images of AuNPs deposited on Au thin film through hybridization 
with capture probes in 1.0 µM (A) and 10 µM (B). The capture probe was immobilized on gold 
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surface for 30 minutes, then MCH (1 mM in 1 M sodium phosphate solution) pre-treatment 
was applied, followed by 30 minutes of incubation in AuNPs labelled target DNA solution.  
 
 
 
Figure 5. 12 SEM image of AuNPs deposition on Au thin film through hybridization with 
capture probes in different concentration: (A) 1.0 µM; (B) 10 µM. Immobilization time is 30 
minutes. 
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It is obvious that higher concentration of capture probes leads to a potential higher AuNPs 
signal. Table 5.3 demonstrated the number of gold nanoparticles on gold thin film. High 
concentration of probe has an advantage particularly when a limited immobilization time (30 
minutes) was offered. This result is in agreement with QCM results shown in Figure 5.13. 
When 1 µM capture probe was injected into cells, an instant occurrence of 7 Hz frequency drop 
was observed, indicating a less coverage was achieved comparing with that of higher 
concentration (10 µM). 
 
However, the deposition conditions used were almost the same with time increase, which has 
been shown in Figure 5.14. For both 1.0 and 10 µM concentrations, the number of gold 
nanoparticles is roughly 2.0 ×  1011 molecules/cm2. As mentioned previously, the high 
concentration is useful to form a highly-packed monolayer on gold surface. The kinetics of 
adsorption benefits from high concentration as well as equilibrium can be reached more rapidly. 
It is interesting that the hybridization number stays at the same level for both concentrations. 
Herein, it could be speculated that low concentration probes lead to high hybridization 
efficiency as the probe coverage is only about 1/3 of the higher concentration. 
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Figure 5. 13 QCM sensor gram for immobilization of capture probes in different concentration. 
 
 
Table 5. 3 Quantification of AuNPs on Au thin film through hybridization with immobilized 
probe 
 
 
Immobilization time 
30 mins 2 h 
Probe 
concentration 
1.0 µM 1.40 × 1011 1.92× 1011 
10 µM 1.89× 1011 2.01× 1011 
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Figure 5. 14 SEM image of AuNPs deposition on Au thin film through hybridization with 
capture probes in different concentration: (A) 1.0 µM; (B) 10 µM. Immobilization time is 4 
hours. 
 
 
112 
 
5.3.5 MCH pre-treatment 
 
In Chapter 4, we proved that it is not necessary for MCH to be used for a high concentration 
(10 µM) probe immobilized on gold surface. While for low concentration, there are many 
reports (Bao et al. 2002; Cao, Jin & Mirkin 2001; Herne & Tarlov 1997; Taton 2000) that MCH 
was applied as a strategy to increase probe coverage and hybridization efficiency. Before 
exposure to MCH, the HS-ssDNA molecules were speculated to have interaction with the 
surface through the nitrogen-containing chain and the sulfur-gold bond of the thiol group. After 
MCH pre-treatment, HS-ssDNA molecules are recognized to be adsorbed on the surface 
through the Au-S bond, and the phosphate back bone are not able to interact with gold surface. 
 
There are two main reasons to introduce MCH as a spacer. First, it was proved by XPS that 
nonspecific adsorption of DNA on a SAM of MCH does not exist. Indicating that DNA will 
not be adsorbed on the surface if a pure layer of hydroxy-terminated surface of the MCH 
monolayer was immobilized in advance (Herne & Tarlov 1997).  This result was proved in our 
experiment as well. Figure 5.12 shows the SEM image of AuNPs deposition on the transducer 
surface. When the surface was modified with capture probe, the complementary 
oligonucleotides anchored AuNPs were capable of depositing uniformly on the surface. While 
the number of deposited AuNPs reduced dramatically when a pure layer of MCH was 
immobilized on gold surface.   
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Figure 5. 15 SEM images of AuNPs attached on gold film when gold film was modified with 
(A) capture probe, which is complementary with target DNA anchored on AuNPs, (B) pure 
MCH monolayer. 
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Most importantly, MCH has a 6-carbon length chain which is the same as the methylene group 
spacer in HS-ssDNA, supplying no effective interference with the hybridization reactions of 
surface-bound DNA. This property also is of great help to determine which end of the 
oligonucleotides is supposed to be functionalized with thiol group. 
 
5.3.6 Different terminated alkylthiol-oligonucleotides 
 
The 3-alkanethiol n-base oligomer can be synthesized using standard phosphoramidite 
chemistry with a thiol-modifier C3 S-S CPG solid support (Slim & Gait 1991). While for the 
5-alkanethiol-modified oligonucleotides, 5-Thiol-Modifier C6-phosphoramidite is used (Slim 
& Gait 1991; Storhoff 1998). Different terminated modifiers lead to 3 C length on 3’ end and 
6 C length on 5’ end. The 6 carbon chain of MCH is long enough to interfere with the 
hybridization reactions of 3’ terminated thiolated oligonucleotide. The SEM images of AuNPs 
on gold film proves this conclusion in Figure 5.16. 
Depending on the complementary property of the capture and target probes, two series of 
probes were designed. The sequences of different terminated alkylthiol functionalized ssDNAs 
are demonstrated in Table 5.4. 
 
The capture probe immobilization on gold film is the same as previously mentioned: fresh and 
clean gold surface was incubated in 1 µM 3’ and 5’ terminated thiolated capture probe solution 
(prepared in 1 M sodium phosphate solution, pH=7) for 30 minutes. Then MCH (prepared in 1 
mM, immersed for 1 hour) pre-treatment was applied, followed by 30 minutes of incubation in 
AuNPs labelled accordant terminated thiolated oligonucleotides solution. 
 
The distribution of AuNPs on gold film was showed in Figure 5.16 and the quantitation of the 
gold nanoparticles is demonstrated in Figure 5.17. Compared with 3’ alkylthiol-oligo, more 5’ 
modified oligonucleotides anchored AuNPs were deposited on gold thin film. The number of  
AuNPs in 5’ modified SAMs is roughly 1.8× 1011 molecules / cm2. In contrast, there is only 
0.3 × 1011 molecules /cm2 for the other end modified oligonucleotides. 
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Table 5. 4 Sequences of designed oligonucleotides with different terminated alkylthiol 
functionalizations. 
 
Name   Sequence (5’-3’) 
3’-Capture 
probe 
 
CGTCATTCCGCAGGATAAA(CH2)3SH 
 
3’-Target 
probe 
 ATCCTGCGGAATGACGAAA(CH2)3SH 
5’-Capture 
probe 
 SH(CH2)6CACGACGTTAAAACGA 
5’-Target 
probe 
 SH(CH2)6TCGTTTTAACGTCGTG 
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Figure 5. 16 SEM images of AuNPs attached on gold film through 3’ (A) and 5’ (B) 
terminated thiolated oligonucleotides. 
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Figure 5. 17 Quantitation of AuNPs attached on gold film though hybridization with 3’ (A) 
and 5’ (B) terminated thiolated oligonucleotides. 
 
 
Indeed, this experiment was conducted at the early stage of our project. Therefore, 5’ 
terminated alkyl-oligonucleotides are considered to be applied in our research without 
additional notice. 
 
Mixed HS-ssDNA/MCH monolayers of varying coverage were formed by a two-step process： 
Fresh bare gold was immersed in a 1.0 μM b(or 10 μM for a high concentration) HS-ssDNA 
solution in 1.0 M sodium phosphate solution for a specific amount of time (30 minutes in our 
experiment), followed by rinsing with MilliQwater. Then the HS-ssDNA modified surface was 
placed in a solution of 1.0 mM MCH (dissolved in 1 M sodium phosphate solution) for1 h. The 
result of MCH effect on AuNPs deposition (hybridization) was show in Figures 5.18 and 5.19. 
118 
 
 
 
 
 
Figure 5. 18 SEM images of AuNPs attached on gold film with and without MCH pre-
treatment (oligonucleotides in 1.0 μM). 
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Figure 5. 19 SEM images of AuNPs attached on gold film with and without MCH pre-
treatment (oligonucleotides in 10 μM). 
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The number of gold nanoparticles in the SEM images in Figures 5.18 and 5.19 was also 
calculated through Image J. MCH pre-treatment is crucial for a low concentration (1μM) SH-
ss DNA. It is ideal that only the thiol-derivatized DNA molecules interact with the Au surface 
through the sulfur atoms of the thiol groups. However, the nitrogen-containing nucleotide side 
chain also has an interaction with the surface. Therefore, a low concentration HS-ss DNA is 
not capable of being adsorbed specifically (Au-S bond) and non-specific adsorption (Au-N) 
exists meanwhile.  
 
The dissipation changes of 1.0 µM and 10 µM probes were proved through QCM sensor in 
Figure 5.20, indicating the ability of transforming to final structure. It is observed that for a 
high concentration HS-ss DNA solution, the highly-packed monolayer formed instantly and 
the nitrogen-containing oligonucleotides stand on the surface vertically without possibility to 
interact with Au surface. In contrast, the dissipation changed gradually in a low concentration, 
leaving space for an interaction between oligonucleotide chain and Au surface. Therefore, low 
concentration HS-ss DNA requires more time to achieve to final structure, being accompanied 
by non-specific adsorption. Herein, MCH was used to decrease the interaction between 
nucleotide chain and Au surface. And the deposition of AuNPs increased from 0.37× 1011 to 
1.40 × 1011 molecules /cm2. 
 
 
Table 5. 5 Quantitation of AuNPs on gold thin film with and without MCH pre-treatment. 
 
 
MCH pre-treatment 
Yes NO 
Probe 
concentration 
1.0 µM 1.40 × 1011 0.37× 1011 
10 µM 1.94× 1011 1.89× 1011 
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Figure 5. 20 QCM sensor gram for immobilization of capture probes in different concentration. 
 
 
5.4  Sandwich layer SAMs on gold film 
 
Two-component AuNPs based SAMs signal detection system on microchips has been 
demonstrated in Figure 5.1. According to the target DNAs that will be detected, complementary 
capture probes are synthesized and immobilized on transducer surface (gold thin film). Then 
target DNA is functionalized with thiol group for a further conjugation labelled with AuNPs. 
 
However, this two-components system still required some time (the target DNA has to be 
functionalized with thiol group) to build up for a further characterization, Potential clinical 
detection value is not able to be fulfilled due to this time-consuming issue. 
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Hence, we proposed to build up 3-components sandwich layer SAMs on gold surface, which 
was showed in Figure 5.21. Two capture probes were designed, and both were complementary 
to the target DNA. One probe was immobilized on Au surface, while the other one was 
anchored on gold nanoparticle, forming a sandwich layer SAMs with AuNPs as label on our 
transducer surface. Time consuming issue is solved as no functionalization is required. 
 
However, it was observed previously that the number of AuNPs deposited on Au surface 
dramatically reduced compared with that of capture probe. The average number of AuNPs is 
roughly 1.8 ×1011 molecules / cm2 in an optimized AuNPs labelled system, which is 1/100 of 
the hybridization probes (2.0 ×1013 molecules/ cm2) on Au surface without AuNPs labelled. It 
is understandable as gold nanoparticles have a diameter of 10 nm, while the fully hybridized 
oligonucleotides only havea length of 3 nm. Therefore, starting from a 3-components SAMs 
layer without AuNPs is more beneficial to our project. 
 
The sequences of oligonucleotides in this 3-components sandwich layer are illustrated in figure 
F.21 (B) and demonstrated in Table 5.6. Target DNA is a 26 mer oligonucleotide. The other 
two probes are 16 and 19 mer. Especially; Au-probe is still the same as capture probe in 2-
components SAMs.   
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Figure 5. 21 Schematic of 3-components sandwich layer SAMs on gold film: (A) 3-
components layer, (B) sequences of oligonucleotides. 
 
 
Table 5. 6 Sequences of oligonucleotides in 3-components sandwich layer. 
 
Name Sequence (5’-3’) 
Au-probe SH(CH2)6CACGACGTTAAAACGA3 
Target DNA CTCCGGAATGACGGCTCGTTTTAACGTC 
AuNP-probe CGTCATTCCGCAGGATAAA(CH2)3SH 
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5.4.1 Sandwich layer SAMs without AuNPs 
 
Sandwich layer in solution  
 
The possibility of hybridization is much higher in solution than that on the interface between 
solution and solid surface. To verify the occurrence of hybridization in solution, UV-Vis 
spectroscopy was first applied.  1 mL capture probe anchored AuNPs was dropped into 1 mL 
1.0 mM target DNA solution, followed by an UV-Vis section. Figure 5.22 shows the UV-Vis 
spectra of the AuNPs before and after the attachment of oligonucleotides. A small shift was 
observed for the 10 nm AuNPs after the oligonucleotides attachment (λm 522 to λm 524 for the 
conjugates). A peak at 255 nm was demonstrated when target DNA was introduced, which is 
the specific UV-Vis peak for hybridized oligonucleotides. Meanwhile, another small shift was 
observed for the gold nanoparticles. However, this method is only capable of detecting 
hybridized oligonucleotides, rather than the size of the DNA.  
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Figure 5. 22 UV-vis spectra of bare AuNPs and AuNPs functionalized with oligonucleotides. 
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Then gel electrophoresis was introduced based on our previous research on PCR. The three 
oligonucleotides fragments were mixed together in a concentration of 1 nM. The mixture 
solution was water bathed to 50 °C in 5 minutes, followed by a gradual decrease to room 
temperature.  Afterwards, the products were extracted out with a volume around 10µL. Samples 
were electrophoresed in agarose gel in TBE buffer solution for 30 minutes. The agarose gel 
electrophoresis result was shown in Figure 5.23. Compared with 20 base pair marker, there are 
two clear stains in each lane. One is in parallel with the marker, indicating a 20 bp product. 
Considering the target DNA is 27 mer, when it hybridized with two probes (16 mer and 19 
mer), product is roughly 20 base pair, which is in agreement with our gel result. However, this 
experiment only produced an inconclusive result and no detailed information is able to be 
concluded.   
 
 
 
 
Sandwich layer on Au surface 
 
Herein, QCM was utilized for in-situ monitoring and quantification of immobilized probe 
oligonucleotide on Au surface (capture probe immobilization) and subsequent hybridization 
with target oligonucleotide (target probe detection) and probe 2. Figure 5.24 demonstrates a 
Figure 5. 23 Agarose gel electrophorogram of 3 oligonucleotides mixture. 
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typical time course of frequency change upon the introduction of capture probe, target probe, 
and probe 2. Similar to Chapter 4, in sandwich layer system, the first and second drops of 
frequency demonstrate the successful immobilization of the capture probe (probe immobilized 
on Au surface) and hybridization with the target DNA. When this process was further 
progressed, the third drop in frequency occurred, an indication of another hybridization with 
the second probe. In summary. QCM experiment has demonstrated the potential when AuNPs 
is introduced for signal enhancement because the 3-components SAMs layer is achievable.  
 
 
 
Figure 5. 24 QCM sensor gram for 3-components SAMs on Au surface. 
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5.4.2 AuNPs labelled sandwich layer SAMs 
 
When the possibility of 3-components SAMs layer was confirmed through in-situ monitoring 
method, AuNPs was introduced for a fulfilment of detecting target DNA rapidly. SEM is the 
main characterization method and Image J was used to calculate the number of AuNPs 
deposited on Au film. 
 
There are two hybridizations in 3-components SAMs on Au surface: the binding event between 
target DNA and the probe anchored on Au film / Au nanaoparticles. The capture probe 
modified Au surface (pre-treated with MCH for 1 hour as the probe was in low concentration) 
was incubated in 1 µM target DNA (dissolved in 1 M sodium phosphate solution) for 30 
minutes.  Therefore, two strategies were applied for building up sandwich layer on Au surface, 
which is illustrated in Figure 5.25 (A).  Probe modified Au surface was immersed in target 
DAN, followed by incubation in the solution of AuNPs labelled probe. The process is step by 
step. While for Figure 5.25 (B), the target DNA and AuNPs labelled probe were applied 
together for incubation, which is a co-deposition process. 
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Figure 5. 25 Schematic of steps to build up 3-components SAMs on Au surface. (A) Step by 
step, (B) Co-deposition. 
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Figure 5. 26 SEM images of AuNPs on Au film through different steps: (A) step by step, (B) 
Co-deposition, (C) Control, non-complementary probe anchored on AuNPs. 
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Figure 5. 27 AFM images of AuNPs on Au film through different strategies: (A) Step by step, 
(B) Co-deposition. 
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Three samples were exposed to target probes and AuNPs labelled probes. AuNPs were 
deposited on Au film through step by step deposition for sample A, while co-deposition for 
sample B. Sample C is a control, “target DNA” is not complementary to either probes 
immobilized on Au film or that anchored on Au nanoparticles.  The number of AuNPs 
deposited on Au film was demonstrated in Figure 5.26. It is clear that co-deposition produce a 
better AuNPs signal on Au film, the number of AuNPs is roughly 0.8 × 1011 molecules/cm2, 
while step by step strategy introduce around 0.45 × 1011 molecules / cm2. Control sample prove 
the specific adsorption of AuNPs on Au thin film.  
 
Meanwhile, AFM was used to study the morphology of sandwich layer on Au thin film. Figure 
5.27 shows the AFM images of samples A and B. A thicker layer was interestingly observed 
for step-by step, the depth is approximately 39 nm, much deeper when compared with 15 nm 
of co-deposition. We speculate that the co-deposition introduced the same space for 
hybridization with both probes (target DNA and AuNPs labelled probe). The three 
oligonucleotides hybridized together simultaneously and transformed to the final structure 
fairly. While for step by step deposition, the target DNA was first introduced to Au film and 
hybridized with capture probe instantly, leaving no space for a further hybridization between 
target DNAs and the probes anchored on AuNPs. Therefore, the AuNPs labelled probes twined 
with existed monolayer and the depth increased. 
 
5.5  Reproducibility 
 
The melting behaviour of the surface-bound duplexes was also investigated to determine the 
reproducibility of our detection chips. It is known that DNA duplexes could be separated into 
single strand DNAs at temperature above melt transition temperature (Tm). Upon heating the 
SAMs anchored surface above Tm, the AuNPs labelled probes are expected to diffuse from the 
Au surface, leaving behind the surface bound capture probe. Then the original probe covered 
Au surface should be ready for another hybridization. 
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For the 16 mer used in our studies, the Tm was estimated to be 47 °C. While for the 3-
components SAMs system, the Tm was estimated to be 50 °C. The Au thin film was modified 
by capture probes as previously described, followed by MCH pre-treatment. Then the Au 
surface was immersed into 1 µM target DNA (in 1 M sodium phosphate solution) for 30 
minutes. The SEM image of the AuNPs is illustrated in Figure 5.28 (A). This is the first 
hybridization on Au surface. The sample was then migrated to 1 M sodium phosphate solution 
and heated to 55 °C for 10 minutes and rinsed with 1 M phosphate solution. The SEM image 
was illustrated in Figure 5.28 (A) (which figure, 5.28 B or even we have 3 for A and B. seems 
it is the middle one for A) as well. Barely any AuNPs on Au film were observed, indicating the 
melting of the duplexes. Then the Au surface was placed into 1 µM target DNA (in 1 M sodium 
phosphate solution) again for 30 minutes. It was clear that the 2- components SAMs was 
obtained again through hybridization on the “old” chip. For the 3-components SAMs, similar 
result was obtained and demonstrated in Figure 5.28(B). 
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Figure 5. 28 Schematic of reproducibility through SEM image:(A) 2-components SAMs, (B) 3-components SAMs.Left  : 1st   hybridization; 
Middle: increase temperature  to 55 °C in solution phase; Right: hybridization after heating. 
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5.6  Conclusion 
 
In summary, we have proved that HS-ss DNA probes on gold surfaces are capable of 
hybridization with AuNPs labelled complementary DNAs. By introducing AuNPs as labels, 
we further confirmed that surface coverage of DNA is crucial in maximizing hybridization 
efficiency, which is determined by controlling ionic strength, probe concentration, proper 
terminated thiol group function, and creating mixed monolayers (MCH pre-treatment) for a 
low concentration probe system.  
 
And one more important finding is the introduction of 3-components sandwich SAMs on Au 
film,providing the potential for applications in rapid DNA detections because the target DNA 
is no longer required for thiol modifiction. Meanwhile, as one detection system on PCR chips, 
the effect of surface immobilization of the duplex on Tm is also examined, indicating good 
reproducibility as a technology that can be widely implemented in a clinical environment  in 
the near future.  
 
The specific adsorption and highly distribution of AuNPs on Au thin film supplies a potential 
signal enhancement in further detection and gold self-assembly methods may hold promise in 
constructing multi-component DNA arrays. 
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Chapter 6. Electrochemical characterization of SAMs 
 
6.1  Introduction 
 
The development of DNA chips, miniaturized arrays of immobilized single-stranded DNA, is 
motivated by their potential for applications in disease diagnosis and genome sequencing. 
Electrochemical measurements have long been employed to characterize modified electrodes, 
whether the modification is a polymer coating (Guadalupe & Abruna 1985; Oyama & Anson 
1980; Peerce & Bard 1980; Schneider & Murray 1982) or a self-assembled monolayer(Porter 
et al. 1987; Sinniah et al. 1995; Song et al. 1993). We quantified the surface density of DNA 
by taking advantage of the electrostatic attraction of specific redox cations with the nucleotide 
phosphate backbone. The interactions of redox-active complexes and DNA have been studied 
widely due to their importance as strand scission mediators, chemotherapeutic agents, and 
structural probes (Carter, Rodriguez & Bard 1989). 
 
Chronocoulometry (CC) is the name given to a group of techniques in analytical chemistry that 
determine the amout of matter transformed during an electrolysis reaction by measuring the 
amout of electricity consumed or produced (DeFord 1960). It was initially employed by Steel, 
Herne and Tarlov (1998) to quantify DNA surface density via measuring redox charges of 
RuHex at surfaces. By taking advantage of the electrostatic attraction of specific redox cations 
with the nucleotide phosphate backbone, the surface density of DNA was able to be quantified. 
The strong appeal of this approach is that the measurement is insensitive to both the base 
composition and the chain order, where AuNPs could be introduced to enhance signals. Herein, 
we used CC method to quantify the surface density of DNAs immobilized on gold as well as 
the hybridization efficiency.  
 
From electrochemical prospective, we studied the immobilization process of DNA probes on 
gold surface, and the conditions for an efficient hybridization and strong signal were 
characterized and optimized, aiming at discrimination of specific adsorption against 
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nonspecific one of the target DNA. In addition, cyclic voltammetry was used for a potential 
direct demonstration of binding event.  
 
6.2  Chronocoulometry for quantification of DNA 
 
The surface density of DNA, more specifically the number of nucleotide phosphate residues, 
is calculated from the amount of cationic redox marker (RuHex) measured at the electrode 
surface. Cations provide charge compensation for the anionic phosphate groups in DNA. In 
solution these cations are labile and readily exchangeable with other cations in solution (Steel, 
Herne & Tarlov 1998). When an electrode modified with DNA is placed in a low ionic strength 
electrolyte containing a multivalent redox cation, the redox cation exchanges with the native 
charge compensation cation and becomes electrostatically trapped at the interface. Then 
chronocoulometry can be applied to measure the amount of cationic redox marker under 
equilibrium conditions (Bard et al. 1993). This method allows quantitative determination of 
both single- and double-stranded DNA at electrodes and would also be applicable to three 
components SAMs on gold film.  
 
Cottrell expression (Equation 6.1) determines the integrated current, or charge Q, as a function 
of time t in a chronocoulometric experiment (Steel, Herne & Tarlov 1998): 
 
Q =2nFAD01/2C0* π-1/2 t 1/2 + Qdl + nFAΓ0                                                                                                                    6.1 
 
where n is the number of electrons per molecule for reduction, F the Faraday constant (C/equiv), 
A the electrode area (cm2), Dothe diffusion coefficient (cm2/s), Co* the bulk concentration (mol/ 
cm2), Qdlthe capacitive charge (C), and nFAΓo the charge from the reduction of Γo (mol/cm2) 
of adsorbed redox marker. The term Γo designates the surface excess and represents the amount 
of redox marker confined near the electrode surface. The chronocoulometric intercept at t=0 is 
then the sum of the double layer charging and the surface excess terms. The surface excess is 
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determined from the difference in chronocoulometric intercepts for the identical potential step 
experiment in the presence and absence of redox marker (Steel, Herne & Tarlov 1998). 
 
Then the saturated surface excess of redox marker is converted to DNA probe surface density 
with the relationship demonstrated in equation 6.2: 
 
ΓDNA =Γ0 (z/m) (NA)                                                                                                               6.2 
 
where ΓDNA is the probe surface density in molecules/ cm2, m is the number of bases in the 
probe DNA, z is the charge of the redox molecule, and NA is Avogadro’s number. 
 
Similarly, the same strategy was used for monitoring hybridization. Electrodes were exposed 
to probe deposition solution for the same period. Afterwards, the sample was then exposed to 
target DNA. Probe surface densities were determined from electrodes that were placed in blank 
hybridization solutions (no target DNA) during the sample preparation sequence.  
 
It was concluded that the hybridization between target DNA and capture probes is largely 
determined by the surface density according to our previous results. And the DNA 
hybridization efficiency is inversely proportional to the surface density. The reason is that 
capture probe leads to some steric hindrance and prohibits the target DNA moving close to 
capture probe. This experiment was designed to examine the effect of hybridization under 
different experiment situation (functionalization time, MCH pre-treatment, temperature) 
through electrochemical method (chronocoulometry). 
 
Materials: All the oligonucleotides were received from Geneworks (Australia), and Table 6.1 
shows the DNA sequences. KH2PO4, K2HPO4, Hexaammineruthenium(III) chloride, 6-
Mercapto-1-hexanol (MCH) and Tris-(hydroxymethyl)-aminomethane (TCEP) were 
purchased from Sigma-Aldrich. 
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Table 6. 1 Sequences of designed oligonucleotides. 
 
Name   sequence  
Capture probe-1  5CGTCATTCCGCAGGATAAA3  
Target probe-1 
Non-complementary 
 
5ATCCTGCGGAATGACGAAA3 
AAAGCTTCATAAGGCAGTA 
 
 
 
Electrode preparation: It has been emphasized in several studies that the state of the surface, 
including the surface roughness, is very important for the reproducible formation of high-
quality self-assembled monolayers on gold. So it is very important for us to prepare flat gold 
electrode for the probe immobilization. Before each new series of electrochemical 
measurements, the gold electrodes were polished 10 minutes with 0.05 mm Alumina 
suspension on Alpha-cloth (CH Instruments, Inc.). After being polished, the electrodes were 
sonicated in Milli-Q water for 5 minutes. Subsequently, an electrochemical pre-treatment was 
applied. 
 
For Au film on PCR chips, 5 nm chromium was applied for adhesion layer subsequently, 50 
nm Au was evaporated through E-beam evaporation, and the sample was finally cleaned with 
RCA cleaning solution before probe immobilization. 
 
DNA-modified surfaces were prepared using the procedures previously described (Section 
4.4.2). Briefly, mixed monolayer surfaces containing thiolated target DNA and MCH were 
prepared by immersing the clean gold substrate in a 1.0 µM solution of capture probes in 1 M 
sodium phosphate solution for a specific time. They were rinsed with phosphate solution for 
30 seconds and then immersed in a 1.0 mM MCH solution in 1 M sodium phosphate solution 
for 30 minutes to remove non-specific adsorption. After that they were rinsed again with 
phosphate solution.  
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Instrumentation: Chronocoulometry (CC) were performed with an Epsilon Electrochemical 
Workstation (Artisan). The following parameters were used: pulse period was250 ms andpulse  
width was700  mV. All electrochemical characterizations were performed in a cell with a 
volume of 25 mL. The reference and counter electrodes were Ag/ AgCl and platinum, 
respectively. The electrolyte was pH=7.0, 1 M sodium phosphate solution, deoxygenated.   
 
6.3  Probes on Au film 
 
Yu et al (2003) reported that immobilized DNA could be quantified with CV, which in 
principle was more direct and convenient. It was observed that the RuHex binding reached 
equilibrium while the diffusion peak pair was negligible at an appropriate concentration of 
RuHex (~3.5 µM). And redox charges of surface-confined RuHex were obtained by integrating 
CV peaks. Lao et al (2005) evaluated CV and CC methods by comparing the redox charge 
obtained. The redox charge of RuHex obtained from CV was significantly lower than that from 
CC, indicating CV at low concentration of RuHex could not accurately reflect the surface 
density of DNA probe. Combined effects such as non-homogeneous distribution of RuHex and 
the electron transfer arise this issue. However, we will take advantage of RuHex molecules in 
CC experiment, so low concentration of RuHex is capable of being employed. 
 
Herein, we applied CC method in 5.0 µM RuHex. As shown in Figure 6.1, it took tens of 
minutes for RuHex to reach the equilibrium. According to this figure, the surface density of a 
SH-ss DNA can be calculated. 
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Figure 6. 1 CC curves of gold electrodes immobilized with capture probe/ MCH in a RuHex 
solution. 
 
 
6.3.1 Thiolated probes 
 
First, the CC method was used to study the adsorption characteristics of thiolated and non-
thiolated DNAs. Figure 6.2 shows the surface density of DNA under the same experiment 
situations for both thiolated and non-thiolated DNAs. The electrode under these 3 situations 
were incubated in 1 mM MCH solution to remove excess DNAs. The surface density of non-
ss DNAs is far lower than SH-ss DNAs. Obviously, MCH cannot remove all non thiolated 
DNA, even if the MCH treatment was prolonged. This result demonstrated the existence of 
non-specific adsorption between DNAs and gold surface. 
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Figure 6. 2 Surface densities of SH-ssDNA, non SH-ssDNA and non SH-dsDNA monolayers 
obtained with chronocoulometry at 5.0 µM RuHex. 
 
 
Although the non SH-ss DNAs and SH-ss DNAs are both able to form self-assembled layer on 
gold surface, the spatial structures are not the same. Previously, we used QCM to identify the 
hybridization between oligonucleotides functionalized on gold film and complementary ones. 
For the SH-ss DNA, the frequency dropped a lot after the addition of target DNA 
(complementary oligonucleotides), which is resulted from the hybridization between probes 
and target DNAs.  
 
In contrast, there was hardly any frequency change after the addition of target DNA, because 
of the hybridization process between complementary oligonucleotides. The SH-ss DNAs were 
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vertical to the surface after immobilization on the gold surface, while the non SH-ss DNAs 
were laid on the gold surface which shielded the hybridization. 
 
Considering the existence of non-specific adsorption of DNA on gold surface, even with the 
MCH treatment, the hybridization process is affected by this factor. The sensitivity of DNA 
hybridization will be increased largely if the non-specific adsorption can be prohibited. 
Although the phenomenon of non-specific adsorption cannot be ignored, the strong bond of 
Au-S can eliminate this effect to the least. 
 
Double strand DNA are another possible option to remove the effect of non-specific adsorption 
between DNAs and gold surface as the DNA duplex will shield the chemical interactions 
between bases and electrode. Herein, the hybridized ds DNA were performed on gold surface 
and the result showed that the surface density of non SH-ds DNA is quite lower than that of 
non SH-ss DNA. However, the replacement efficiency cannot reach 100%. There are some 
explanations about this phenomenon and one possible reason is the denaturation of some 
dsDNAs during the process of self-assembly. 
 
6.3.2 Immobilization time 
 
Figure 6.3 demonstrates the surface density of SH-ssDNA with different immobilized time. 
The electrode surface was incubated in the probe solution for 30 minutes, 1 hour, and 2 hours, 
respectively, followed by a MCH pre-treatment of 30 minutes. The results show that the surface 
density increases with the time, which is in agreement with the QCM result described in 
Chapter 4. According to Figure 6.3, the surface density increases sharply during the first 10 
minutes, and then becomes stable. Herein, the functionalization time was optimised to precisely 
control the surface density of the probes. In our experiment, the surface density of SH-ssDNA 
is around 1 ×1012 molecules/cm2, which is lower than the results obtained from QCM. This is 
probably due to that RuHex molecules are not able to penetrate into the SAMs and disperse on 
the phosphate backbone in a short time. 
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Figure 6. 3 Surface densities of SH-ss DNAs obtained with different immobilized time. 
 
 
6.3.3 MCH pre-treatment 
 
6-Mercapto-1-hexanol (MCH) pre-treatment on Au surface is a key procedure to control the 
spatial morphology of the probes on electrode surface. Normally, gold surface is functionalized 
with capture probes and then MCH is uses to remove extra probes. Here we will use another 
method as well. The probes and MCH were mixed in certain proportion, followed by the 
functionalization of electrode surface.  Figure 6.3 proves that the surface density of DNA was 
not much affected under different proportions of MCH and DNAs. Step deposition and co-
deposition are both available for surface density control. 
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Figure 6. 4 Surface density of capture probe obtained with chronocoulometry at 5 µM RuHex. 
Capture probes were immobilized on electrode at 1 mM (series 1)/ 0.1 mM (series 2) capture 
probes mixed with MCH in PBS (MCH : Probes=0:1, 1:1, 1:10, respectively). 
 
 
Meantime, it was observed that the MCH has a large effect on the property of the DNA 
monolayer on electrode. As previous CV curve shows, the charging current of bare electrode 
is larger than that of electrode pre-treated with MCH, which is led by large uncovered areas on 
the electrode. MCH can reduce the charging density obviously when the electrode was fully 
covered by MCH molecules. Herein, 1mM MCH pre-treatment is very important to eliminate 
non-specific adsorption of capture probes and filling the gap among capture probes. For probes 
in low concentration (1.0 µM) 30 minutes pre-treatment of MCH is good enough to cover the 
bare gold surface as there is no obvious change of the charging current even after one overnight 
MCH incubation. 
 
As DNAs still have the property of polymer, the mixed DNA/ MCH comprises both polymer 
(DNA) and SAMs (DNA and MCH) modifications, so the electrochemical behaviour is a 
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reflection of both materials. Electrochemical capacitance measurement was applied for an 
observation of the average structure of the mixed layer on gold thin film. 
 
Terrettaz et al. (1995) have shown that the behaviour of hydroxythiol monolayers on gold is 
well described by an ideal parallel plated capacitor. Hence, the capacitance increases with 
decreasing separation between the electrode surface and the plane of closest approach for ionic 
charge. Steel, Herne and Tarlov (Steel, Herne & Tarlov 1998) compared the mixed DNA/ MCH 
capacitance to pure MCH monolayer values, and found that a small increase in the mixed 
system capacitances indicated a slightly enhanced ionic permeability in the mixed system. 
Therefore, a permeable (mixed layer) is required for CC method as RuHex molecules penetrate 
into SAMs for an electrochemical signal. However, for a higher probe concentration (10 µM) 
we applied in QCM, the structure and permeability are still not warranted. More experiments 
are required to deal with this issue. 
 
6.4  Chronocoulometry characterization of hybridization 
 
6.4.1 Hybridization efficiency 
 
Electrochemical investigation of DNA immobilization on gold thin film was applied for 
optimization of probe density and understanding of SAMs on transducer surface. With the 
chronocoulometry, we attempted to remove non-specific adsorption of DNA on gold film and 
enhance the electrochemical signal of RuHex penetrated in oligonucleotides chains. As 
previously described, the hybridization efficiency was improved when the immobilization was 
optimized.  
 
First, we applied CC method to study 2 components monolayer on gold film. The sample was 
incubated into target DNA (1 µM) in 1 M sodium phosphate solution (pH=7.0) for 30 minutes 
under different temperature. Afterwards, hybridization efficiency was calculated through 
chronocoulometric method. The first hybridization between capture probe and target DNA was 
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demonstrated in Figure 6.5, the hybridization efficiency reached 92 %, around 0.9 × 1012 
molecules/cm2 hybridized.  
 
 
 
Figure 6. 5 Hybridization efficiency of the first and second hybridizations through different 
methods: (A) step by step deposition, (B) c-deposition. 
 
 
However, just as stated in Chapter 5, the realization of 3 components sandwich layer on gold 
thin film offers the potential clinical value. The target DNA is detected without thiol-group 
functionalization. Therefore, the second hybridization efficiency was further investigated on 
the basis of first one. In Chapter 5, we studied two different methods to apply the 3 components 
sandwich layer on gold film: step by step deposition and co-deposition. Herein, continued with 
the research, chronocoulometry was employed. The results were demonstrated in Figure 6.5 as 
well. In accordance with SEM image of AuNPs distribution on gold film (Figure 5.26), co-
deposition increases the hybridization efficiency when compared with step by step deposition. 
The three oligonucleotides were simultaneously hybridized and transformed to the final 
structure uniformly. While for step by step deposition, the target DNAs were first introduced 
to Au film and hybridized with capture probe instantly, leaving no space for a further 
hybridization between target DNAs and the other probes.  
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As proved in Chapter 5, 5’ end terminated alkanethiol produced high hybridization efficiency 
because 6 carbon chains were functionalized on 5 end while only 3 on 3 end. The 6 
carbonchains of MCH are long enough to interfere with the hybridization reactions of 3-
alkanethiol oligonucleotides. Herein, the hybridization behaviour of DNAs modified on Au 
surface was determined as a function of probe surface density for 3-alkanethiol 
oligonucleotides and 5-alkanethiol oligonucleotides. The probes employed are the same as 
previously studied, which was shown in Table 5.4.  
 
The hybridization behaviour of surface–immobilized DNA was determined as a function of 
probe surface density for both two end terminated thiolated oligonucleotides. The hybridization 
was increased to 1 hour for a fully hybridization and 1 M phosphate solution was applied to 
maximize duplex yield (Tsuruoka et al. 1996). 
 
There is no obvious increase in measured redox marker when non-complementary target DNAs 
were employed, indicating a specific adsorption only in our system. Then the complementary 
target DNAs were applied to the capture probe modified surface to improve the hybridization 
efficiency. The theoretical maximum surface density of target DNAs by hybridization 
demonstrated in Figure 6. 6 shows as dash line presents the ideal situation where all the probes 
functionalized on the surface bind the target DNA completely. It was noticed that under the 
value of 5×1012 molecules/cm2, the hybridization follows the dash line. This surface probe 
density can be calculated to 2000 Å2/ molecule, which is the footprint area of a 20-mer duplex. 
 
Another phenomenon observed was that for the two different 2 component hybridization pair, 
the hybridization efficiency was different.  For the probe functionalized on 3 end, the target 
surface densities dropped obviously when the probes surface density was over the theoretical 
saturated value (5×1012 molecules / cm2). While for the probe thiolated on 5 end, more target 
DNA is capable of being captured during the binding event. This result confirms the application 
of 5 end thiolated oligonucleotides has an advantage of producing higher hybridization 
efficiency. 
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Figure 6. 6 Hybridized target surface density as a function of the probe surface density. Black 
data is 3 terminated while blank one is 5 terminated. The dotted line: the theoretical maximum 
target surface density for complete hybridization of the probes. 
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6.4.2 Temperature 
 
Denaturation temperature is also one crucial parameter for a high efficient hybridization. 
Normally the process happens instantly in room temperature as the probes are complementary 
to each other with a quite strong H-bond. However, when the DNA length increases, a higher 
temperature is required for a successful hybridization. This temperature is of great help to 
reduce mismatch and increase the activity of a long chain oligonucleotide. Herein, we studied 
the effect of temperature for 16-mer probes.  
 
 
 
 
Figure 6. 7 Hybridization efficiency of SH-DNA probes on the same electrode obtained at 
different temperatures. Probe density is about 2×1012 molecules / cm2. 
 
 
Figure 6.7 shows the hybridization efficiency under 3 different temperatures. Electrode was 
washed by phosphate solution for 5 minutes to remove excess DNA strand. Then CC method 
53.3
67.8
87.6
0
10
20
30
40
50
60
70
80
90
100
Hy
br
id
iza
tio
n 
ef
fic
ie
nc
y 
(%
)
Temperature
25℃ 37℃ 45℃
150 
 
was applied to detect the signal of the RuHex. The hybridization efficiency was 53.3 % in room 
temperature for 15 minutes, and when the temperature was increased to 45 °C, the hybridization 
efficiency increased to 87.6 % in the same period of time. It is obvious that the increase of 
temperature can improve the hybridization efficiency. Considering the melting temperature of 
our DNAs is around 50 °C, the temperature cannot be increased any further to avoid the 
denaturation.  
 
Actually, as 16-mer oligonucleotides are not a long sequence, the temperature effect was 
obvious in a short period time of incubation (hybridization). When the hybridization was 
increase to half an hour, the hybridization efficiency under room temperature is able to reach 
82 %. 
 
6.4.3 Stability and reproducibility 
 
 
When the DNA sensor was prepared, it is more important that the probes on the gold electrode 
can keep a good surface density and hybridization activity. Herein, we characterized the 
number of the probes and the hybridization efficiency for the stability of the probes on Au film. 
 
Figure 6.8 demonstrates the change of surface density and hybridization efficiency of SH-DNA 
on the gold electrodes. The bar on the left hand side is the hybridization efficiency after probes 
immobilized on gold electrode 2 hours. The middle one is the probes immobilization for 1 day 
and the last one is for 1 week. The electrode was kept in 1 M phosphate buffer solution in room 
temperature. And the result shows that the number of probes stay almost the same. However, 
the hybridization efficiency has a large drop from 87.6 to 60.1 %, which means the 
hybridization has an attenuation. This is because of the spatial structure change of the probes 
on gold electrode. As previously mentioned, the bases of oligonucleotides have an interaction 
with gold surface, leading to the non-specific adsorption and increasing the steric hindrance as 
well. 
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Figure 6. 8 Change of surface density and hybridization efficiency of SH-DNA probes on the 
same electrode after immobilization process: (1) hybridization efficiency, (2) surface density. 
 
 
It is interesting to know the reproducibility of the probes attached on the electrode surface, 
which involves the denaturation of the probes on the gold surface. As we know, the 
denaturation process determines the disassociation of the two complementary single strand 
DNAs. Mild denaturation situation leads to non-completely denaturation, while severe 
situation is the main reason to cause the detachment of the capture probes on electrode. So it is 
imperative to select reasonable denaturation conditions. Factors such as temperature and pH of 
the solution lead to the denaturation of DNAs. Temperature is the most appropriate variable as 
the pH change will lead to the inactivity of the DNA or Au-S bond’s break up. When 
temperature increases to 90-95 °C for a certain time (5-10minutes), Au-S bond will break up 
and lead to the detachment of the SAMs on gold surface.  
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Therefore, 85 °C was chosen as the denaturation temperature in our experiment, which does 
not interfere with the probe immobilization. The denaturation process was proceeded on the 
same electrode in 1 M phosphate solution for 5 minutes. The solution was heated to 85 °C 
gradually and then kept for 5 minutes. Afterward, the sample was rinsed with 1 M phosphate 
solution for 2 minutes, followed by a new round of target DNA incubation for 1 hour. 
 
Figure 6.9 demonstrates the changes of chronocoloumetric results of gold electrodes after 
repeated heating at 85 °C. The first and second characterization were proceeded under 85 °C 
for 5 minutes without hybridization with the target DNA, while the third one was the result 
after 1 hour’s incubation in 1mM target DNA. In this experiment, the RuHex is very useful to 
increase the electrochemical signal of the SAMs on gold surface. According to the Figure xx, 
there is no significantchange of the electrode background. The probe density calculated shows 
that the surface density stays at a stable level, which means the 85 °C did not break up the Au-
S bond. Therefore, this result proves the reproducibility of our system.  
 
The charge difference on the same electrode demonstrated in Figure 6.9 was also illustrated in 
the form of nFAΓ0 in Figure 6.1. The surface excess of RuHex on capture probe immobilized 
gold film is determined from the difference in intercepts for the response in the absence and 
presence of redox markers (RuHex). Herein, it is estimated that a detection limit of 5×1011 
molecules / cm2 for our system. Meanwhile, it has been calculated that we could build up a 
SAMs system with 2×1011 molecules / cm2. The immobilization has been optimized for a 
potential application with sufficient probes for signal production. 
 
While accurate determination of the surface excess immobilisation requires that all of the 
surface-confined redox species are electroactive on the time scale of the experiment. However, 
this has been shown not achievable for thick polymer films (Goldberg & Bron 1982). Steel, 
Herne & Tarlov (Steel, Herne & Tarlov 1998)  observed that at low solution redox marker 
concentrations, integrated currents are independent of sweep rate and the integrated voltametric 
current, and the chronocoulometric intercept are equivalent. Herein, another experiment was 
designed to prove this phenomenon.  
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Figure 6. 9 Changes of chronocoloumetric results of gold electrodes after repeated heating at 
85 °C. 
 
 
Chronocoulometry and cyclic voltammetry were applied to study the surface density on gold 
electrode, and the results are demonstrated in Figure 6.10. In this experiment, the detected 
redox quantity of RuHex in 5.0 µM through cyclic voltammetry is dramatically lower than that 
of chrocoulometry in 50 µM, which demonstrates that the CV method in low concentration of 
RuHex is not able to evaluate the real surface density of DNAs on Au electrode. This is mainly 
due to two reasons:  
 
1. The RuHex cannot disperse on the backbone of DNA evenly, where some RuHex 
molecules have a lower electron transfer rate than the others, which was not 
detected by the dynamic method (CV);  
 
2. The adsorption rate of RuHex in low concentration (5.0 µM) is lower.  
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Therefore, we are confident that chronocoulometry is capable of providing an accurate 
measurement of the surface excess of redox marker at a DNA-immobilized electrode. 
 
 
 
 
Figure 6. 10 Surface density determined with different electrochemical methods. 
 
 
6.5  Cyclic voltammetry characterization 
 
Chronocoulometry provides a good insight into the SAMs on gold film with the help of redox 
marker (RuHex). However, the result is indirect and a certain amount of calculation was 
required. Yu et al. (2003) reported that immobilized DNA can be quantified with CV, which 
in principle was more direct and convenient. However, non-homogeneous distribution of 
RuHex and the electron transfer leads to an inaccurate measurement of the probe surface 
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density, where the redox charge of RuHex obtained from CV was significantly lower than that 
from CC in low concentrations.  
 
Herein, it is our interest to investigate the signal enhancement produced by AuNPs. It is 
expected that CV detection can demonstrate one direct, convenient and reliable result when the 
metal particles are introduced.  
 
The voltammetry for the redox molecules at oligonucleotide modified electrodes can provide 
quantitative information about the insulate layer on the substrate. Therefore, we initially 
employed CV to characterize the redox reaction of RuHex on gold thin film.  
 
The cyclic voltammetry characterization was conducted on an Epsilon Electrochemical 
Workstation with 3 electrodes. Gold electrode was prepared in the same way as that for 
chronocoulometry. All electrochemical characterizations were performed in a cell with a 
volume of 25 mL. The reference and counter electrodes are Ag / AgCl and platinum, 
respectively. The electrolyte is pH7.0, 1 M sodium phosphate solution, and deoxygenated.   
 
The reversibility of the reduction of RuHex was observed to be enhanced at DNA/MCH 
electrode compared with that at an MCH electrode. The reduction proceeding at the diffusion 
limited rate demonstrates that the RuHex is able to approach the electrode surface more closely 
in the mixed DNA/MCH film than in the pure MCH layer (Steel, Herne & Tarlov 1998). This 
is in agreement with our previous results (Section 5.3.5). 
 
Figure 6.11 illustrates the result of CV method.  At 5.0 µM concentration of RuHex, a pair of 
well-defined peaks corresponding to the reduction and oxidation of RuHex at a pure MCH 
modified gold surface. The peak currents are linearly proportional to the square root of scan 
rates (v), indicating that RuHex does not adsorb on MCH SAMs. Meantime, it has been noticed 
that the surface-confined peak pair is much smaller, suggesting that a large amount of non SH-
DNA has been displaced during the MCH deposition process (Lao et al. 2005). 
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Figure 6. 11 Cyclic voltametric grams of gold electrodes modified with SH-ss DNA/ MCH 
(thick line), non SH-ss DNA/ MCH (solid line) and MCH (dashed line). The concentration of 
RuHex was 5.0 µM in 1 M phosphate solution, pH=7.0, scan rates =100 mv/s. 
 
 
RuHex was introduced for chronocoulometry and cyclic voltammetry methods on gold surface. 
However, redox marker is not capable of producing a strong electrochemical signal in a low 
concentration. Herein, AuNPs were introduced as a signal enhancement as well as for a 
potential application on electrode or PCR chips (with a thin gold film).  
 
First, we employed AuNPs on gold electrode. The probes sequence was illustrated in Table 5.1. 
The capture probe immobilized gold electrode was incubated in different concentrations of 
target DNAs for 30 minutes, followed by rinsing with 1 M sodium phosphate solution (pH=7.0) 
for 2 minutes. 
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The cyclic voltammetry diagram (anodic scan) for the SAMs labelled with AuNPs on gold 
electrode is demonstrated in Figure 6.12. And a calibration curve was also illustrated to study 
the detection limit in our system. Employing a fixed 30-minute incubation time, we have tested 
the sensitivity and selectivity of the SAMs for binding event. When non-complementary 
anchored DNAs were applied, there was a negligible current, indicating the specific adsorption 
of the capture probe modified gold surface. However, the gold electrode is only 3 mm in 
diameter. It is our interest to study the cyclic voltammetry grams on our PCR chips. 
 
 
 
 
Figure 6. 12 Cyclic Voltammetry diagrams for the SAMs labelled with AuNPs in the presence 
of complementary DNA modified AuNPs at 1nM, 10 nM, 100 nM, and 1 µM (from bottom to 
top). The hybridization time is 30 minutes. The calibration curve demonstrates peak height 
versus AuNPs concentration. 
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The electrode (gold film on PCR chip) and three-electrode system are illustrated in Figure 6.13. 
Au thin film was evaporated on PCR chip which has been described in Chapter 3. A piece of 
copper sticker was attached on the gold thin film to connect with electrochemical workstation, 
followed by sealing with wax to prohibit the interaction between copper and electrolyte (1 M 
sodium phosphate solution, pH7.0).  
 
 
 
 
Figure 6. 13 (a): Electrode; and (b): three-electrode detection system. 
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The cyclic voltammetry characterization was conducted on PCR chips evaporated with Au thin 
film in the cell with 5 mL of 1 M sodium phosphate solution at room temperature. Scan range 
is 0.2-0.8 V with a scan rate of 50mV/s. The voltammograms were shown in Figure 6.14. 
 
 
 
Figure 6. 14 Voltametric behaviour of DNA modified electrodes. The data corresponds to bare 
electrode, AuNPs on gold film, electrodes modified with capture probes, complementary probe 
anchored AuNPs on capture probe modified Au film, and non-complementary probe anchored 
AuNPs on capture probe modified Au film. 
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It is noticed that the capture probe immobilization introduces a reduction in voltammetry signal 
compared with bare gold, indicating a signal shield by insulator layer. However, when capture 
probe immobilized, sample was incubated in target DNA anchored AuNPs solution, the 
binding event helps to increase electrochemical signal, due to the introduction of AuNPs as an 
enhancement. While for non-complementary anchored AuNPs, the signal strength is the same 
as capture probe immobilized one, suggesting a specific detection system. Meanwhile, we 
dropped AuNPs on gold thin film for 30 minutes, rinsed with 1 M phosphate solution, followed 
by a CV section for a blank control. The result shows that Au film adsorbs large amount of 
AuNPs due to electrostatic adsorption. This proves that the Au thin film was successfully 
modified with an organised structure and a high hybridization efficiency as it was observed 
that the electrostatic adsorption introduces more than 5 × 1013 AuNPs / cm2. However, the peak 
in reduction current for AuNPs on Au film was shifted to a lower potential because there is no 
insulator layer (immobilized capture probe). This can clearly differentiate the hybridized 
AuNPs from the bare AuNPs on Au film.  
 
6.6  Conclusion 
 
In summary, we have electrochemically investigated DNA immobilization on gold surface. In 
particular, we attempted to quantitatively determine DNA based upon the electrostatic 
interaction between redox marker (RuHex) and the phosphate backbone of oligonucleotides. 
Chronocoulometry method was applied to optimize the immobilization conditions such as the 
selection of different terminated thiol functions, immobilization time, and the pre-treatment of 
MCH. And we employed CC to calculate the hybridization efficiency and characterize the 
stability and reproducibility of our chip based system, providing a potential application in the 
near future. From the plot of target DNAs hybridized as a function of probe surface density, it 
is apparent that hybridization is quite efficient up to a threshold probe surface density value.   
 
Similar to the work presented in Chapter 5, AuNPs were introduced as not only a label but also 
a signal enhancement. This strategy helps improve the performance of our DNA sensor. The 
detection limit of our system is around 10-9 M which can satisfy the requirement of sample 
concentration, and the signal strength is to be further increased with the integration of DNA 
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amplification. The self-made chip based electrode offers a practical device that will be less 
time-consuming, economical and portable for DNA detection. 
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Chapter 7 Conclusions and future works 
 
7.1  Summary 
 
Nanoparticle based DNA detection in microfluidics has the potential to revolutionize the early 
detection of infectious diseases, because hybridization between single strand DNA and its 
complementary molecule is the main detection method for the deoxyribonucleic acid sequence 
reorganization. Taking advantage of rotary-linear motion based PCR technology, and 
combining DNA hybridization detection, this work makes use of gold nanoparticles to enhance 
the signal of binding event and provides an insight into the interactions of the interface between 
the electrode and solution. 
 
In Chapter 2, a new microchip is developed to accommodate the PCRDisc for a stable and high 
PCR efficiency. This novel microfluidic was integrated to PCRDic and the result proved that 
the microfluidic chip is able to successfully amplify 120 and 287 bp DNA templates. For the 
120 bp DNA template, the total amplification time for 30 cycles was only 24 minutes. And for 
a further optimization, the total amplification for a longer DNA template was reduced to 21 
minutes, less than one-fourth of the 90 minutes required for one conventional thermal cycler, 
indicating a potential application for DNA detection. And for a further integration with direct 
electrochemical detection of amplification product on the chips, the initial concentration of 
DNA template was successfully tested to be as low as 0.009 µg/L. Meantime, multiple DNA 
samples were amplified simultaneously, which is of great help for multiplexed detection. The 
results demonstrate this low cost microfluidic chip design can be used to amplify multiple 
samples for a faster PCR. The inherent advantage and deficiency of the microchip design was 
demonstrated theoretically.  
 
In Chapter 4, we built up the self-assembled monolayer on microchips for a potential 
integration with DNA amplification. Gold film was introduced by e-beam evaporator for a 
further electrochemical characterization. The plasma was used to modify polycarbonate surface. 
Thiol-derivatized and single stranded DNA probes on Au surfaces are proved to be capable of 
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hybridization with complementary DNAs, indicating a potential disease diagnostic value. And 
controlling the surface coverage of DNA is an important factor for efficient DNA hybridization. 
For a better attachment, exposure time and ionic strength were optimized. Meanwhile, MCH 
was of great importance for further improvement in hybridization efficiency as a pre-treatment 
to control the probe density of the capture oligonucleotides in low concentration, which has 
been proved through XPS experiment. However, for a higher concentration, there is still no 
report about the application of MCH. Our QCM experiment shows that MCH is not necessary 
for the probes with a concentration up to 10 µM. And the probe coverage density is calculated 
to be 4.9 ×1013 molecules / cm2 and 40 % hybridization was achieved with a high signal-noise 
ratio for a potential electrochemical detection.  
 
In Chapter 5, we have proved that HS-ss DNA probes on gold surfaces are capable of 
hybridization with AuNPs labelled complementary DNAs. By introducing AuNPs as labels, 
we further confirmed that surface coverage of DNA is crucial in maximizing hybridization 
efficiency, which is determined by controlling ionic strength, probe concentration, proper 
terminated thiol group function, and creating mixed monolayers (MCH pre-treatment) for a 
low concentration probe system. And one more important finding is the introduction of 3-
components sandwich SAMs on Au film, providing the potential for applications in rapid DNA 
detections because the target DNA is no longer required for thiol modification. The specific 
adsorption and high density distribution of AuNPs on Au thin film supplies a potential signal 
enhancement in further detection and gold self-assembly methods may hold promise in 
constructing multi-component DNA arrays. 
 
In Chapter 6, DNA immobilization on gold surface was electrochemically investigated. In 
particular, we attempted to quantitatively determine DNA based upon the electrostatic 
interaction between redox marker (RuHex) and the phosphate backbone of oligonucleotides. 
Chronocoulometry method was applied to optimize the immobilization conditions such as the 
selection of different terminated thiol functions, immobilization time, and the pre-treatment of 
MCH. And we employed CC to calculate the hybridization efficiency and characterize the 
stability and reproducibility of our chip based system, providing a potential application in the 
near future. From the plot of target DNAs hybridized as a function of probe surface density, it 
is apparent that hybridization is quite efficient up to a threshold probe surface density value.  
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AuNPs was introduced as not only a label but also a signal enhancement. This strategy helps 
improve the performance of our DNA sensor. The detection limit of our system is around 10-9 
M which can satisfy the requirement of sample concentration, and the signal strength is to be 
further increased with the integration of DNA amplification. The self-made chip based 
electrode offers a practical device that will be less time-consuming, economical and portable 
for DNA detection. The application of AuNPs in DNA label-free detection was extended, and 
SAMs principle to LBL by the use of gold nanoparticles was broadened for a commercial 
application. 
 
7.2  Future works 
 
7.2.1 Multiplexed DNA amplification 
 
A novel microfluidic chip was designed to accommodate PCRDisc in our lab. And two 
different samples were amplified simultaneously. However, these two samples are GAPDH120 
and GAPDH287 without an obvious denaturation temperature difference. It is our interest to 
further investigate the application of microfluidic chip on two DNA with huge different 
denaturation temperature. Some numerical simulation is going to be employed for the 
minimum time on this multiplexed amplification. 
 
7.2.2 Probe density and hybridization efficiency 
 
Our QCM experiment shows that MCH is not necessary for the probes concentration up to 10 
µM. And the probe coverage density is calculated 4.9 ×1013 molecules / cm2 and 40 % 
hybridization was achieved with a high signal-noise ratio for a potential electrochemical 
detection. However, the hybridization efficiency for low concentration DNA is able to be 90 %, 
indicating a stronger SAMs signal on Au surface. Herein, AuNPs are introduced for a potential 
signal enhancement. And the hybridization efficiency is required to characterize when AuNPs 
is taken as the label. The future work is to implement AuNPs into SAMs in QCM experiment 
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for an in-situ monitoring of the hybridization efficiency. Meantime, the optimization is going 
to find the equilibrium point between high signal strength and less time consuming. 
 
7.2.3 Electrochemical detection 
 
The gold electrode was applied for the electrochemical detection of SAMs. Quantitative 
determine of DNA is based upon the electrostatic interaction between redox marker (RuHex) 
and the phosphate backbone of oligonucleotides. The quantitation of probe density and 
hybridization efficiency is both limited to insensitivity of the specific redox marker to both the 
base composition and the chain order, where AuNPs could be introduced to enhance signals. 
And cyclic voltammetry was applied for direct binding event detection. However, it is our 
interest to clarify the capacitive performance of DNA hybridization and the key factors to 
enhance the electrochemical properties of interface between double DNA duplex layers and 
solution when gold nanoparticles are introduced. The insight into the interface between DNA 
insulator layer and solution will help us to understand the self-assemble layer on Au film better 
for a well SAMs control and high sensitive detection. 
 
7.2.4 Integration of DNA detection to amplification 
 
In our research, the DNA amplification was optimized based on novel microfluidic chips 
accommodated into PCRDisc. And the self-assemble monolayer was successfully built up on 
the chips coated with transducer surface for electrochemical characterization. Herein, we are 
more interested to integrate DNA detection with amplification for a portable, less time-
consuming and inexpensive “molecular diagnostic PCR”. Future work is to develop this system 
both from engineering and scientific perspectives. 
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